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Introduction

Today's rapidly-advancing technology requires a wide spectrum of power
sources and energy-storage devices. In many applications, the power sources are
required to have a minimum size or weight per unit of power or energy. These re-
-quirements have motivated a great deal of the recent work on high-specific-energy
(watt~hr/1b) and high-specific-power (watt/lb) secondary cells. The maximization

of the specific energy requires that reactants of low equivalent weight and high
free energy of reaction be used. For high specific energy (> 50 watt-hr/lb) cells
with aquebus electrolytes, zinc and cadmium have served as anode materials while 1,2,3
nickel oxide, silver oxide, and oxygen (or air) have served as cathode materials.

The elimination of water from the electrolyte permits more reactive metals such as
calcium and the alkali metals to be considered as anode materials. Lithium has a
very low equivalent weight and low electronegativity, making it particularly attrac-
_tive as an anode material for high specific energy cells., A number of cathode
materials have been used in combination with nonaqueous electrolytes and lithium
anodes, depending on the operating temperature and the electrolyte.

" Lithium-anode cells designed for operation at room temperature use non-—
aqueous electrolytes comprised of solutions of inorganic salts such as Li PF
LiC10, dissolved in organic solvents such as propylene carbonate or dimet%y} sulf—
oxide; the cathodes are usually metal halides such as NiF CuF, or CuCl.
though these cells have the potentiality of supplying over 100 watt-hr/lb at low
discharge rates, their specific power is low (2-20 watt/1b),1ls 1,3 limiting their
range of applicability. The specific power for cells with organic-solvent electro—
lytes is low because of the low conductivity of the electrolyte (v 10~ -2 ohm~1 em~1).

The use of fused-salts as electrolytes provides very high conductivities
(1-4 ohm™1l cm~1) thus allowing specific powers in excess of 100 watt/1b to be
achieved.%-8 Because of their relatively high melting points, fused-salt electro-
lytes require elevated operating temperatures (260-650°C). . A number of secondary
cells with fused-salt electrolytes have been investigated, including sodium/bismuth,
lithium/chlorine,’»8 11:h1um/te11ur1um,"'6 and lithium/selenium,'® all using free
-liquid electrolytes. - , : uyg L

A general indication of: the theoretical maximum specific energies of some
couples suitable for use with fused-salt electrolytes is given in Figure 1, where
the specific energy (as' calculated from the equivalent weight of the cell products
indicated and the average emf of the couple) is plotted against the equivalent
weight of the active material. Usually, the higher specific energy materials are
more difficult to handle from a corrosion viewpoint.

A great deal of design flexibility and compactness can be gained by immo-
bilizing the fused-salt electrolyte either in an absorbent matrix or in the form of
a rigid paste. 11-13 This work deals with secondary cells having liquid lithium
anodes, liquid bismuth or tellurium cathodes and fused-lithium-halide electrolytes
immobilized as a rigid paste, operating at temperatures in the range 380 to 485°C.

Exgerimental
Typical lithium/bismuth and. lithium/tellurium cells are shown in Figures

2 and 3. The cell housing in Figure 2 was made from Type 316 stainless steel;
the electrode compartments were 3.2 mm deep, and had 4 concentric fins which




2.

served as current collectors. -The exposed electrolyte area was 1.98'cm2,

and the paste electrolyte thickness was 0.34 cm. Prior xo'assembly, the

anode compartment was loaded with 0.064 gm of lithium (Foote Mineral Co.,

0.003 %Z Na, 0.003% K, 0.003% NZ’ 0.003% Cl,, surface oxide removed), heated

to 530°C to ensure good wetting of the current collector. The cathode com-
partment contained 2.764 gm of bismuth (United Mineral and Chemical Corp.,
99.999% minimum purity). These amounts of reactants correspond to a cathode-
alloy composition of 41 a/o Li in Bi at complete discharge, and a cell capacity
of 0.25 amp-hr. The cell was prepared and assembled under a high-purity helium
atmosphere.l4 No gaskets were used; the smooth-surfaced electrolyte disc pro-
vided a leak-tight seal against the cell housing.

The lithium/tellurium cell, made of pure iron, had current collectors
consisting of sheets of sintered porous stainless steel in the anode compart-
ment, and a network of pure-iron wires in the cathode compartment in place of
the meshes shown in Figure 3. The exposed electrolyte area was 3.25 em?; the
electrolyte thickness was 0.32 cm. The cell compartments were loaded with 0.75
gm of lithium and 5.45 gm of tellurium, (American Smelting and Refining Co.,
99.9997% minimum purity) corresponding to 71.6 a/o Li in Te at complete discharge.

" The electrolyte was the ternary eutectic composed of 11.7 m/o LiF -
29.1 m/o LiCl - 59.2 m/o LiI, which melts at 340.9°C and has a sEecific con-
ductance of 2.3 ohm~l cm~1 at 375°C and 3.0 ohm™1 em~! at 475°C.15 The eutectic
was prepared from weighed amounts of the pure salts: LiF,; LiCl, and LiI all
supplied by Anderson Physics Laboratories, Inc. After the components were melted
together to form the eutectic, the electrolyte was solidified, pulverized to -300
mesh, and mixed (50 w/o) with an inert filler material. The electrolyte-filler
powder mixture was then molded into discs. For the Li/Bi cell, discs 1.85 cm in
dia. were prepared by pressing the electrolyte-filler powder first at room tem-
perature to form "cold-pressed” discs, and then at 400°C for final densification.
All operations except for the hot-pressing were carried out in a pure helium at-
mosphere. TFor the Li/Te cell, discs 2.5 cm in dia. were pressed at room tempera-
ture and sintered at 400°C without pressing, eliminating all exposure to air.

The paste electrolyte has a continuous phase of fused-lithium-halide
eutectic at the cell operating temperature. The relative amounts of finely-
divided inert filler and lithium halide are chosen such that the electrolyte fills
the interstitial spaces among the very small filler particles, and holds the paste
firmly by means of its high surface tension, low contact angle with the filler,
and the small pore size of the compact. Similar paste electrolytes have been used
with success in molten-carbonate fuel cells.-"~

The measurements of cell performance were carried out with the aid of a
constant—current DC power supply, precision voltmeters and ammeters (1/4 percent),
and a strip-chart recorder. The voltage-current density curves for the discharge
mode of operation were measured starting with the cell in the fully-charged con-
dition; the curves for the charge mode of operation were usually measured from
the fully-discharged condition. A1l results are reported on a resistance-included
basis. The cells were held at operating temperature in an electrically-heated tube
furnace.

Results and Discussion

The voltage-current density curves for the Li/Bi cell operating at 380°,
453°, and 485°C are shown in Figure 4. As might be expected, the highest perfor-
mance in both charge and discharge modes was obtained at the highest temperature.
Current densities up to 2.2 amp/cm2 were obtained, based on the effective elec-
trode area of 1 cm? (the electrode compartments were only about half-filled with
active materials during these experiments). Since‘ghe cathode composition during
the discharge experiments averaged about 5 a/o Li,*” these performances are typical
of those obtainable near the beginning of the plateau of the corresponding voltage-
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time curves at constant current discharge. The maximum power density'at 485°C
was 0.57 wa'tt/cm2 at 0.6 volt.

The slopes of the charge and dlscharge curves in Figure 4 are different
because of the difference in state of charge for the two modes of operation. The
internal resistance of the cell is expected to be lower for the discharge curves
because most of the orlglnal amount of lithium was still in the anode compartment
when the discharge data were taken. During the charging experiments, howevef,
almost no lithium was present in the lithium compartment, resulting in a relatively
high internal resistance. When charge and discharge curves are taken under identi-
cal conditions, the curves have the same slope. The internal resistance of the cell
at high current. densities was 0.45 ohm at 485°C, compared to a value of 0.23 ohm
calculated from the specific conductance of the electrolyte and a paste-to-pure
electrolyte resistivity ratio of 2.11,13 This discrepancy could be caused by the
presence of some Li,0 resulting from hydrolysis of the lithium halides during  hot-
‘pressing or incomplete wetting of the paste by Li.

From the reasonably -high current density capabilities of the Li/Bi cell
of Figure 4, it is clear that the cell can be fully charged from complete dis-
charge 1n ‘about 15 minutes. : -

The performance characteristics of the (larger) Li/Te cell operating at
475°C are shown in_Figure 5. As expected on the basis of the emf measurements
of Foster and Liu and earlier experience with Li/Te cells,®™® the open circuit
voltage was 1.7 to 1.8 volts, and the voltage-current density curves were straight
lines, indicating the absence of any significant concentration or activation over-
voltages. The short-circuit. current density was 2.2 amp/cm®, and the maximum power
density was 1 watt/cm? at 0.9 volt, a considerable improvement in power density
over the Li/Bi cell.

" The internal resistance of the Li/Te cell during dlscharge was O. 24 ohm
compared to 0.065 ohm calculated from the electrolyte conductivity and a paste-
to-pure electrolyte resistivity ratio of 2. The ratio of observed-to-calculated
cell resistances is higher for the Li/Te cell than for the Li/Bi cell, possibly
because of the fact that the paste electrolyte disc for the Li/Te cell was not
hot-pressed, and therefore probably contained voids which increased the resistiv-
ity of the paste.

The Li/Te cell, with a capacity of 2.91 amp~hr c0u1d be fully charged
from complete discharge in less than half an hour. This is a much higher charge
rate than can be used with secondary cells having aqueous electrolytes or cells
with nonaqueous organic solvent electrolytes.

-

Extensive investigations of constant-current charge and discharge char-
acteristics, charge retention, and cycle life still remain to be done. The data
presented above were interesting enough, however, that some preliminary design
calculations have been performed, based upon the voltage-current density curves.
of Figures 4 and 5.

The principles, equations, and sample calculations involved in the design
of secondary batteries have already been discussed elsewhere®, therefore, no de-
tailed explanations will be given here. The most important parameter in many
applications is battery weight; therefore, the energy and power values are ex-
pressed per unit weight as specific energy (watt-hr/1b) and specific power
(watt/1b). The calculation of battery weight involves the selection of the
ratio of reactant weights, and the calculation of the weights of reactants,
electrolyte, cell housing, terminals, etc. required, per unit of active cell
area: The specific power available is calculated from the current density-voltage
curve and the battery weight per unit active area. The specific energy is calcula-
ted from the average cell operating voltage, the amount of lithium per unit of
active cell area and.the battery weight per unit of active area.® The values
used in these calculations are summarized in Table I.
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The results of the design calculations for Li/Bi and Li/Te secondary
batteries are shown in Figure 6. Because of the lower equivalent weight and
higher electronegativity, the Li/Te cell has higher specific energy and specific
power capabilities than the Li/Bi cell. As an example, Figure 6 shows that for
the 30-minute-discharge rate, a Li/Bi cell having 3 cells per inch and an elec-
trolyte thickness of 0.32 cm has a specific power of 43 watt/lb and a specific
energy of 21 watt-hr/lb, whereas the Li/Te cell of similar dimensions can attain
110 watt/1lb and 55 watt-hr/lb. The design analysis results presented in Figure
6 also indicate that if the electrolyte thickness is decreased to 0.1 cm, it is
possible to achieve 90 watt/lb and 45 watt-hr/1lb for the Li/Bi cell and 200
watt/1lb and 110 watt-hr/1lb for the Li/Te cell. The performances of some other

types of secondary batteries including lead-acid, nickel/cadmium, sodium/sulfur,
and lithium/chlorine are presented in Figure 6 for comparison.

Possible applications for secondary cells with the characteristics of
the Li/Te cell include space power sources, military communications power sources,
military vehicle propulsion, and perhaps special commercial vehicle propulsion.5

The areas which deserve further attention in the development of Li/Bi
and Li/Te cells include the optimization of paste electrolyte properties (par-
ticularly the resistivity), current collection, corrosion, cycle life, and thermal
cycling.

Conclusions

1. It‘is possible to form acceptable paste electrolytes from fused-
lithium halides and inert filler materials. The paste electrolytes presently
show two to three times the expected electrolytic resistivities.

2. Lithium/bismuth and lithium/tellurium cells operating with lithium"
halide Easte electrolytes can operate at power densities of 0.57 and 1.0
watt/cm<, respectively at about 480°C.

3. These cells can be charged at very high rates (less than 30 minutes),
making them possible candidates for many applications where fast recharge is im-
portant.

4. Design calculations indicate that the Li/Te cell with paste electro-
lyte can be expected to show a specific power in excess of 360 watt/lb and a
specific energy of 80 watt-hr/1lb, suggesting many possible applications, including
special vehicle propulsion and energy storage.
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Table T

Data for Battery Design Calculations

Open-circuit voltage, volts

. . 2
Short-circuit current density, amp/cm
for electrolyte thickness 0.3 cm

for electrolyte thickness 0.1 cm

Cathode alloy, fully discharged
composition,a/o Li

density,g/cm3
. 3
Anode metal density, g/cm’
Current efficiency, %
Cell partition thickness, cm/cell
Density of housing material, g/cm3
Density of paste electrolyte, g/cm3

Weight allowance for framing, terminals,
etc. % (electrolyte + partition weight)

Li/Bi Li/Te
0.8 1.7
1.8 2.2
6. 7.0
70 60
4.4 3.3
0.53 0.53
100 100
0.1 0.1
7.8 7.8
3.0 3.0
50 50
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Fig. 1. Relationship between theoretical specific
energy and equivalent weight

Fig. 2. View of lithium-bismuth-cell parts. Enough cell parts
to make a two-cell battery are shown.
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COAL PYROLYSIS USING LASER IRRADIATION
F. S. Rarn, R. A. Friedel, and A. G. Sharkey, Jr.

U.S. Department of the Interior, Bureau of Mines
Pittsburgh Coal Research Center, Pittsburgh, Pa. 15213

INTRODUCTION

The purpose of this investigation is to observe the effect of laser irradia-
tion on the pyrolysis of coal. Coal irradiated with laser light can decompose
into gases rich in acetylene. Coal pyrolysis at the usual coking temperatures
yields gases high in methane but very low in acetylene. The acetylene/methane ratio
and the probable commercial value of the product gas should be related directly to
the temperature of the decomposing coal.

Conventional coal pyrolysis varies in temperature from 450° to 1,400°C and in-
cludes hundreds of different processes and coals. A typical high-temperature py-
rolysis gas was obtained from a Pittsburgh seam (hvab) coal carbonized at 900° C.i/
Fifteen percent of the coal (40.7 percent volatile matter) was collected as gas
(table 1). Laser irradiation can bring about significant changes in the CZHZ/CH4
ratio by increasing pyrolysis temperature. The equilibrium constant for the
reaction '

2CH, = CpHy + 3Hp

increases from 1077 at 1,000° K to 10t9 at 4,000° K. Temperatures resulting from
laser irradiation could be very high. The energy concentration due to a 6-joule
focused beam from a ruby laser is sufficient to raise the temperature of a perfect
absorber by 14,000° C. This estimate is based on the laser energy and on the heat
capactty of the target. However, much of the laser energy is dissipated by reflec-
tion, conduction, and vaporization. In these experiments with coal the maximum
target temperature was estimated to be less than 1,300° K--largely due to coal vol-
atility. Interesting observations of tar%et temperatures of laser-irradiated solids
have been reported. Berkowitz and Chupka_/ analyzed the vapor ejected from graphite
and found it compatible with an assumption of thermodynamic equilibrium and a temp-
erature of 4,000° K. Verber and Adelman,l using tantalum as a target, measured
thermionic emission due to a surface temperature increase which was calculated
from classical heat transfer theory. In the. following experiments temperatures
have not been measured directly due to the small size of the coal crater and to

the rapid heating and cooling of the sample.

EXPERIMENTAL

A variety of coals and coal macerals have been exposed to laser irradiation.
Using a focused beam, energy concentrations as high as 100 megawatts per square
centimeter can be reached. The general procedure has been to seal the coal sample
in a glass vessel through which the laser beam can be fired. The vessel was evac-
uated or evacuated and partially refilled with a specific gas before irradiation.
Samples, usually about 8 mm cubes, were sealed in glass tubes 10 mm i.d. and 90 mm
long.8/ Samples were dried under vacuum at 100° C for 20 hours, then sealed and
irradiated. The usual irradiation was 1 pulse of a 6-joule ruby laser beam which
was focused by a convex lens. Gaseous products were analyzed by the mass spectrom-
eter in two or more fractions distilling from liquid nitrogen, dry ice, ice water,
room temperature, and 60° C baths. Both total volume and gas distribution were
determined for each’ fraction. Solid products were obtained from the glass walls
for ultimate analysis or for inspection by infrared spectrometry.
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Table 1.- Product gas

990°C carbonization ‘Laser irradiation
: : Mole percent

Ho 55.6 52.2
co 7.4 22.5
CO, 0.4 8.7
CH,, 31.5 5.1
CoHy 0.05 10.6
e " 00
>zcg 0.5 0.0
HCN™ 0.0 0.9
Weight percent of coal
15 52
C2H2/CH4
< 0.002 2.1

In studying any new process for coal pyrolysis, there are several useful var-
iables to be considered. Among these are coal rank, maceral, particle size, and
atmosphere. There are also several variables which are characteristic of the pro-
cessing unit. For the laser they are quantity of energy discharged, rate of-dis-
charge, area of target, and wavelength of radiant energy.

Coals have been treated with the same total light energy from 3 different
lasers. Lasers used in these experiments were as follows: The ruby laser delivers
6 joules of 6,943 A light in about 1 millisecond. Source of the light is a cylin-
drical ruby 76 mm long by 6.3 mm in diameter. It is activated by a xenon flash
lamp and a capacitor capable of delivering a 2,000-volt pulse. The neodymium laser
is a glass rod 152 mm long and capable of a 28-joule pulsed discharge. The third
laser type is a continuous COp laser. Its total power output is only 10 watts
(10 joules/sec) but since it operates continuously the total energy and the quantity
of product gas can be made to equal that of the pulsed lasers. Irradiation from
the CO, laser has a wavelength of 106,000 A.

RESULTS

A comparison of product gases from a 900° C carbonization and from irradiation
by a ruby laser verified the prediction of higher CyHy to CH, ratio for the laser
(table 1).

Rank. Coal-composition and coal utilization vary widely with rank. Irradia-
tion products as a function of rank were studied earlier and the results are sum-
marized in table 2.3/ As rank decreases the yield of gaseous product increases.
Yields of acetylene, hydrogen, and HCN reach a maximum for a high-volatile bitumin-
ous coal.

B I
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Macerals. Macerals from a single coal seam can be separated visually or by
specific gravity. They provide information about the origin of a coal ard about its
coking properties. Maceral separation is a tedious job and well separated samples
are usually small.Z/ Macerals of Hernshaw (hvab) coal in sufficient quantity for
laser pyrolysis were irradiated (table 3). As hydrogen and.volatile matter in the
maceral increased the product gas increased, and the quality of the.product gas
(based on C2H2/CH4 ratio) decreased.

Table 2.- Product gases from laser irradiation of coals

Anthracite  Pocahontas Pittsburgh Lignite
lvb hvab :
Moles x 107
Ho - 13, 23 30 21
€O . '8 5 12 24
€O, 4 1 3 10
CHy, 1 1 3 1
CyHy 3 4 9. 6
HCN 0.3 0.3 1.2 0.7
Tota12/ 31 " 35 60 63

a/ HpO, N2, 02 free.

-Table 3.- Gas from laser irradiation of macerals
of Hernshaw (hvab) coal

Hy, Volatile mat}er, Product gas
Maceral percent/ percent Moles x 107 Czﬂzlgﬂﬁ
Fusinite 3.2 13.4 43 59
Micrinite 4.8 31.4 52 34
Vitrinite 5.4 33.7 90 12
Exinite 6.4 55.4 103 8

a/ See reference 2.

Particle Size. Variation of gas yield with particle size was studied.
Samples of Pittsburgh seam coal with particle diameters from 240 p down to 10 p
(figure 1) were irradiated. For the smaller particles there was a modest decrease
in ‘methane and an increase in acetylene. This may indicate less cooling by conduc-
tion and higher temperatures.

Types of Lasers. Although laser activity has been produced in many different
materials, this. study has been carried out using only three--ruby, neodymium, and
carbon dioxide. The ruby is a pink crystal of Al,03 with 0.05 weight percent of
Cry03. The chromium ions, excited by the xenon flash lamp, emit a pulse of 6,943 A
laser light. The intensity of this pulse can be varied by changing the input to the
lamp, by focusing the laser beam, and by Q-switching to shorten the discharge time.
The standard irradiation for these experiments was a 6-joule pulse discharged in-
about 1 millisecond. Without optical alteration this produces a crater 6 mm in
diameter {eqUal to the ruby rod) and ‘an energy concentration at the target of
14 kw cm” With a focusing lens this is increased to over 40 kw cm~2 and, using

an electro-optical Q-switch, to 40 Mw cm~
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The neodymium laser can deliver a 28-joule pulse of 10,600 A light. Using
precise focusing but no Q-switching the light intensity at the target is about
400 kw cm™2

The C02 laser has a continuous output of 10 watts at a wavelength of 106,000 A.
Using a focused beam it can produce a flux of 0.2 kw cm-2, .

Data from these three lasers, including several variations in the energy inten-
sities of the ruby have been compared at approximately the same total energy output
to determine if there are differences in product-gas quantity and distribution.

The €0, laser emits the least intense light beam because of its slow rate of
emission. The ruby pulses were progressively increased in concentration due to
focal variations. This can readily be measured on the coal targets. Craters in
the coal irradiated by the defocused ruby laser beam had an average area of 1.3 cm?,
All irradiations with neodymium were focused and the craters averaged 0.02 cm®.

The best focused COp-laser beam produced a crater with an area of 0.03 cm?. The
product-gas data are shown as functions of crater area (figure 2). Only the data
from irradiations with the C0, laser were not consistent with the other data due’ to
its slow heating and cooling rates. The more intense laser beams produced greater
quantities of product gas and higher acetylene to methane ratios. 1In figure 3
crater area was replaced by light flux (kilowatts cm™¢) and the COz-laser data could
be included.

Temperature. Since the same amount of energy was available in each of these
tests the temperatures of the craters or of the gas generating sites should be re-
lated to energy concentration. An attempt was made to estimate these temperatures
from the composition of the gas using\gas equilibria data. The chief interest is
in the relationship between met?ane, acetylene, and hydrogen. Equilibrium data to
4,000 K are shown in figure 4. %

Gas analyses from various laser irradiations were introduced as shown in the

sample calculation using data from irradiation with a neodymium laser.

k ~(PC2H2) (PHR)3 ¢ .00277) (.00987)3 _ .00444
(pCH,)? (.000774)2

log K = 2.351

Assuming the gases to be in equilibrium during their generation, figure 4 .gives a
- temperature of 1,250° K. Temperatures were estimated for other laser irradiations
where gas analyses were available (figure 5). Temperatures increase consistently

with increase in energy concentration. Since acetylene was not detected in the gases

from the CO, laser a temperature estimate could not be made. However, a gas anal-
ysis was available for product from a 900° C carbonization of coal and a comparison
with equilibrium data indicated a temperature of 827° C, in reasonable agreement
with the measured temperature.

Variations in types of irradiation cause great changes in gas yield and selec-
tivity. However, most of these changes in the product can be explained on the
basis of heat concentration at the target. A greater heat concentration increases
gas yield, increases the probable crater temperature,and increases the acetylene
to methane ratio. Even data from the COy laser fits into this pattern although the
heat concentration is achieved by additional radiation time instead of laser power.
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Photochemistry. A fundamental question in the laser irradiation of coal is the
possible importance of the wavelength of the enmergy. Is the laser simply a thermal
energy source capable of raising coal to high temperatures or can the monochromatic
energy stimulate specific chemical reactions in coal? The usual photochemical re-
actions take place with wavelengths of 2,000 A to 8,000 A.

The lasers available for this coal study were:

Ruby 6,943 A - visible spectrum
Neodymium 10,600 A - infrared

Carbon dioxide 106,000 A - infrared

At this time it is impossible to measure the photochemical influence of the laser

_energy because duplicate craters have not been produced by different lasers and the
temperature effect is much stronger than the photochemical effect. A first estimate
is that the influence is small (compare ruby-focus and neodymium, figure 3) but per-
haps using lower energy pulses differences can be detected.

Another conclusion to be drawn from these data is the effectiveness of a con-
centrated beam of laser light in promoting acetylene production in coal pyrolysis.
This has been shown for both ruby and neodymium lasers and for coals of varying
rank, maceral, and particle size. Due to coal volatility temperatures have been
lower than expected. Higher coal temperatures could be predicted by irradiating
pretreated coal in a pressurized system and should lead to gas compositions even
richer in acetylene.
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PYROLYSIS OF COAL IN A MICROWAVE DISCHARGE*
Yuan C. Fu and Bernard D. Blaustein

Pittsburgh Coal Research Center, Bureau of Mines,
U. S. Department of the Interior
4800 Forbes Avenue, Pittsburgh, Pennsylvania 15213

INTRODUCTION

The nature of.the thermal decomposition of coal differs greatly depending on the
reaction temperature and the rate of heating. Recent investigations using
various energy sources, e.g., plasma jets,1'3 laser beam,“r5 flash heating,6
arc-image reactors,’ etc., have shown that extremely rapid pyrolysis of coal
produces high yields of acetylene. It has also been shown that high-volatile
bituminous coal, when reacted in a microwave discharge in argon,8 is readily
gasified to produce a significant yield of acetylene.

The present study deals with the pyrolyses of coals of various ranks under the
influence of a microwave discharge. The readiness of coal to give up a small
part of its volatiles under the microwave irradiation permits the discharge to
be sustained even when starting initially under a high vacuum. The relation-
ship between the pressure increase during the discharge pyrolysis of coal and
time shows that the principal reaction is a rapid gasificatiom, which is

induced by the active bombardment of the coal by energetic species present in
the discharge. Studies of the gas composition at various stages of the discharge
pyrolysis; of the effect of initial presence of Ar; and of the effect of cooling
the gaseous products (as they are being formed); have all given further insight
into the nature of the decomposition of coal which takes place in.the microwave
discharge.

EXPERIMENTAL

Experiments were carried out in a Vycor tube reactor attached to a vacuum system
provided with a Pace Engineering pressure transducer. The transducer was
connected to a Fisher recorder, so that the pressure increase due to the
devolatilization of coal in a known volume could be recorded during its discharge
pyrolysis. The discharge was produced by a Raytheon microwave generator (2450
MH,) coupled to an air-cooled Opthos coaxial cavity. The discharge was initiated
by a Tesla coil either in a vacuum ( ~ 10™" mm Hg) or in the initial presence of
argon (5-10 nm Hg), and the power level was maintained at 50 watts. The coal

was located in the discharge 2zone.

All pressure-time data were obtained from experiments using 10 mg of vitrain
of coal in a 163 ml reactor. Chemical analyses and origins of the vitrains of
different coals used are given in Table 1. All the vitrains were -200 mesh,
and were degassed in a high vacuum at 100° ¢ prior to the experiment. The
gaseous products were analyzed by mass spectrometry.

Tars and chars were pressed into KBr pellets for infrared analysis. Tars were
also dissolved in benzene or ethanol for ultraviolet analysis.

- * yitrains of coals were used throughout this paper.
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Table 1. Analyses of vitrains (moisture free basis, percent)
o] Volatile
[ H N S (by diff.) Ash matter

Anthracitcl/ 91.06 2.49 0.96 0.83 2.98 1.77 6.1
Low volatile 89.57  4.67  1.25 .81 2.17 1.53  20.2

bituminousX

igh-volatil
“‘%itzziiotsﬁ . 81.77 5.56 1.71 .97 7.93 2.06 39.2
LigniteZ 66.45 5.40 .31 1.40 22.84 3.60

44.0

1/ Dorrance Mine, Lehigh Valley Coal Co., Luzerne County, Pennsylvania.
Buckeye No. 3 Mine, Page Coal and Coke Co.,

2/ Pocahontas No.

3 Bed,

Stephenson, Wyoming County, West Virginia.
Bruceton, Pennsylvania Bed, Allegheny County, Pennsylvania.

/
4/ Beulah-Zap Bed, North Unit, Beulah Mine, Knife River Coal Mining Co.,
Beulah, Mercer County, North Dakota.

RESULTS AND DISCUSSION ..

Gas Evolution During the Discharge Pyrolysis

Coal, on being subjected to microwave radiation and excitation by a Tesla coil,
readily gives up enough of its volatiles to sustain the discharge initially.
Figure 1 shows the pressure-time relationships during the discharge pyrolyses
for a lignite, a high-volatile bituminous coal, a low-volatile bituminous coal,
The zero time is the time the plasma appeared, and there is
usually some sort of "induction period" before an extensive build-up of the
pressure takes place, except for the lignite where the pressure rise is spon-

and an anthracite..

taneous. For each vitrain,

the pressure reaches a plateau after some time.

Substantial amounts of tars were produced from the hvab and the 1lvb coals, and
it was noticed that the tars deposited on the reactor wall immediately after

the discharge was initiated.

The results and the pressure-tihe relationships show that the discharge pyrolysis
of coal (except for lignite) may be divided into three stages:

(1) Partial carbonization to produce tar.

evolution.

-

This proceeds at a relatively
low rate without significant gas evolution -- an "induction period" for gas

(2) The principal reaction -- pyrolysis with accompanying gasification.
This proceeds at a relatively high rate.

(3) Degassing of residual char.

The high evolution of gases .in the second stage takes place only after the

This rate is very slow.

pressure in the system has gradually built up to a point (0.5 to 1 mm), where
there are sufficient concentrations of electrons, atoms, and ions present in the

discharge so that these energetic species can actively bombard the coal to

accelerate the decomposition of the coal.
evolution takes place spontaneously, presumably owing to its readiness to release
sufficient amounts of volatile matter which is converted to the energetic species.
As- shown in Figure 1, the rate of gas evolution at this stage increases with

volatile matter content of the coal.

For the lignite the rapid gas




21.

In the third stage, the gas evolution reaches a limit.. Table 2 shows the typical
product analyses obtained at the end of the reaction time indicated in Figure 1.
The extent of devolatilization or gasification increases with volatile matter
content of the coal. In general, the amounts 6f gases evolved are comparable to
those evolved from thermal decomposxtxons of the coals at about 1000° C, but the
products are richer in H, and CoHjy.

Table 2. Discharge pyrolysis of coal

. Anthracite

Lignite hvab lvb
Volatile maéter, )
percent 44,0 39.2 20.2 6.1
Rea?tlon time, 10 20 20 20
min
Product, 10~! wmmoles/g. coal
Hy 86.5 103 120 60.2
CHg 2.7 3.5 1.4 5.0
CoHa 7.8 15.0 7.9 1.8
CoHg 0.7 0.9 0.2 trace
co 83.5 35.7 11.3 3.9
CO, 8.7 0.8 0.1 trace
H,0 5.5 2.0 3.5 1.9
- Total gases, wt pct ©-32.6 17.5 8.6 3.3
C gasified, percent : 20.6 11.1 4.2 1.2
C converted to gaseous 3.9 5.7 2.7 0.6

hydrocarbons, percent

Effect of Initial Presence of Argon .

The pressure-time relationship during the discharge pyrolysis in the presence of .
added argon (Figure 2) shows that the rapid gas evolution takes place as soon as
the discharge is initiated and proceeds at a higher rate. Here, the gas evolution
also quickly reaches a limit, but the initial "induction period" for the gas
evolution does not exist. Evidently, the added argon immediately forms sufficient
concentrations of energetic species upon initiation of the discharge, thus allowing
stages 1 and 2 to proceed concurrently. The gas evolution reaches a limit sooner,
but the extent of devolatilization of the coal and the gaseous product type dd not
differ significantly. The results are shown in Table 3.

Gas Composition at Various Stages of Dischargé Pyrolysis

In order to investigate the composition of the gahes evolved at various stages

of the devolatilization, the pyrolysis was interrupted at several stages by
discontinuing the discharge. At each stage, the evolved gases were measured and
collected for mass spectrometric analysis. The discharge --.and the pyrolysis --
were then continued for the remaining coal until no more noticeable devolatili-’
zation could be. observed.

Figures 3 and 4 show the results obtained for the lignite and the hvab coal,
regpectively. The gas compOSLtlon at various stages of the thermal pyrolysis
(the gases were collected at 200° C interval) of the hvab coal is also shown

in Figure 5 for comparison. Acetylene in addition to methane are the major
constituents of the hydrocarbons produced from the discharge pyrolysis, and their
concentrations are nearly constant at each stage, except that they decrease at
the later stages, possibly because of less evolution of hydrogenated carbon-
species from the coal.
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Table 3. Discharge pyrolysis of coal in the presence of Ar |

Lignite hvab lvb Anthracite
i
Volatile matter, . )
percent 44,0 39.2 20.2 6.1 s
itial pressur f Ar, {
Intrial pressure o 5.1 5.1 5.1 5.1
Reaction time, min 5 20 20 20
Product, 10~ mmoles/g. coal
H, 86.8 98.5 113 64.5 '
CH, 2.1 2.5 4.0 0.4 E
CpHa 10.4 15.8 8.8 2.0 ;
CsHa 0.6 0.7 0.8 trace '
co 79.5 31.9 10.8 4,2 ‘
CO, 8.6 0.7 0.2 trace '
HaO 7.5 3.4 4.9 1.6 .
Total ‘gases, wt pct 33.5 16.5 9.4 3.4 i
C gasified,’ percent 19.4 11.4 4.9 1.2 '
C converted to gaseous 4.5 6.6 3.5 0.7 ¢
hydrocarbons, percent y
Tar ~- Substantial amounts of tars were obtained from the hvab and the 1lvb coals

in the discharge pyrolyses. The tars were compared by IR and UV analyses with

the tar obtained from the thermal pyrolysis (at 700° C) of the hvab coal. All

the IR spectra showed the presence of usual aliphatic C-H bands (2860-2940.cm'1)
and aromatic vands (740-860 cm™ ") which are typical of pitch and coal. The tars
obtained from the discharge pyrolyses, however, exhibited weaker aromatic bands

and a stronger carbonyl band (1710 c¢m™) than the tar obtained from thermal
pyrolysis. The UV spectra (of the tars extracted by benzene or ethanol) exhibited
no distinct absorption band for the tar gbtained from the thermal pyrolysis, but
exhibited bands at 3140, 3300, and 3470 (which could be attributed to derivatives
of pyrene) for those obtained from the discharge pyrolyses.

All the residual chars exhibited no distinct band over the entire IR spectrum.

Effect of Cooling by Liquid Nitrogen .

A. Hvab Coal -- When one end of an h-shaped reactor (vol. = 41 ml) was cooled
with liquid N, while the other leg containing the hvab coal was subjected to the
discharge pyrolysis, it was observed that the pressure reading of the reactor
never cxcceded 0.5 mm during the course of the decomposition. The end products
consisted mainly of hydrocarbons and water, without significant amounts of H, and
CO. Acetyiene was the main hydrocarbon, but substantial amounts of other C,, C,,
C4, Cg and Cg hydrocarbons were also formed. Without liquid N2 cooling, the ~
other C) and C3 hydrocarbons were insignificant and the C4, C5 and Cg hydrocarbons
were not measurable. The product analyses, except that for C4, C5 and Cg hydro-
carbons which constitute less than 2 percent of the gases, are shown in Table 4,
The extent of devolatilization and the hydrocarbon yield are significantly
increased.
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With Ar initially present and with cooling, however, the pressure reading increased
rather rapidly to a maximum within a few mlnutes, and then dccreased gradually.
Presumably, large amounts of Hp, CO (noncondensable at -196° €) and hydrocarbons
were rapidly formed due to the high rate of gasification of the coal in the Ar
discharge. The pressure decrease in the later stage is attributed to the
continuous reaction of Hp and CO to form condensable hydrocarbons. As seen in

Table 4, however, appreciable H, and CO still remained after 30 minutes of reaction.

The yield of acctylene is very high, but that of other C; and C3 hydrocarbons is
low. No measurable amounts of C4, Cg and Cg hydrocarbons were found

These results may be interpreted as follows. In the absence of added Ar, small
reactive species (H, 0, C, CH, etc.) and perhaps some 1aryer {ragments (radicals)
are slowly detached from coal molecules, but are rapidly converted to stable
products such as acetylene, hizher hydrocarbons, and water, which are finally
condensed at the liquid N tempcrature. In the presence of Ar, however, the
detachment of these fragmenis proceeds at such a high rate that all the products
formed cannot be immediately condensed by the liquid N,. As a result, the larger
molecules further decompose or react with O-species to form large amounts of Hj
and CO. It is also quite possible that different types of species (or smaller
fragments) arc released in the presence of Ar, resulting in rapid formation of
noncondensable Hp and CO. With prolonged reaction time, the H, and the CO would
then continue to react to form relatively lower hydrocarbons and water.

Increases in the extent of devolatilization and in the hydrocarbon yield under
these conditions are due primarily to the removal of hydrocarbons (therefore no
further decomposition or polymerization), and of water? (therefore no reaction of
water with hydrocarbons to form Hp and CO).

B. - Lignite -- As seen in Figure 1, lignite recleases gases spontaneously at a
higher ratc than the hvab coal. Thus, when the discharge pyrolysis of the lignite
was subjected to liquid Ny cooling, it was observed that the pressure reading
increased rapidly to a maximum within 1 to 2 'minutes, and then decreased gradually
to practically zero after several minutes. At this point, the major part of the
pyrolysis of the coal seemed to be completed and the discharge could not be
maintained.

The reasons for this different behavior (from that of the hvab coal) may be

(i) the spontaneous gas evolution at a higher rate and (ii) the release of more
numerous smaller fragments from lignite, resulting in rapid formation of non-
condensable Hy and CO. All the H, and the CO are eventually converted to hydro-
carbons and water in the later stage. The results in Table 4 also show that

the hydrocarbon yield is very significantly increased under these conditions.

Similar behavior was observed with added Ar except that some part of the Hp and
CO remain unreacted, owing perhaps to the slowness with which the product species

Ai FFncxna intno the cnld trap in the nregence of h1oh concentrarion nf Ar.

1rruas presenc

It was also po'_—

was also iced that the lipnite yielded 2 sigrnificant amount of CO,, while

the hvab coal yielded very small amounts of COp under all conditions. This
suggests that CO, molecules arc released from the lignite structure rather than
formed from interactions of CU and active O-species in the discharge.




e

e e i e,

25. ' - N

3 CONCLUSIONS
The pr1nc1pa1 reaction in the discharge pyrolysis of coal is rupture of the
bonds in the coal structure by bombardment of energetic species (whether released
from the coal or formed from argon in the discharge) on the coal surface. Numerous
species such as H-species, O-species, gaseous C, and hydrogenated carbon fragments
(CH, CHH or CyHy) are produced from coal in the discharge, these in turn decompose
or combine with” each other ‘to form hydrogen, water, carbon oxides, and hydro-
carbons. After extensive -decomposition of the coal structure, all the species

"present in the discharge reach a steady .state, where the formation of hydrocarbons

is limited by back reactions with water to form Hy + CO and cras:.flcalzlon of solid
is somewhat compensated by polymerization of hydrocarbons

Thus, if the decomposition products are rapidly removed by a liquid nitrogen

trap as they are formed, high yield of hydrocarbons consisting mainly of acetylene
can be obtained. The process for the discharge pyrolysis of high-volatile
bituminous coal under these conditions is unique in that it converts more than

2] percent of carbon in coal to higher hydrocarbons (up to CG) without the
accompanying formation of H, and CO.” With argon initially present under similar
conditions, however, the pyrolysis products are lower hydrocarbons (below Cz)

and substantial amounts of H, and CO, owing to ‘the increased rate of gasification.
Hence, the product type and distribution can be influenced by the rate of formation
or removal of the producrs.
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"KINETICS OF HYDROCRACKING OF
LOW TEMPERATURE CGAL TAR

S A, Qader. W, H. Wiser. aad G. R. Hill
De.partment ot Faels Engineeraing.

'niversity of l'tah,
Salt Lake Ciriy, Ltah

Abstract

The res=ults of hydrocracking of a Tow tempersture
coal tar 1n a batceh autaclsve : ver a castalyst centaining
sulphides of nickel and tungsten. suppoerted on silica-
alumina - 1ndicated that gasoline ¢an be obtained 1n a
vield of 777 at 500¢C and 3000 psi pressure. The higb-
est quality product c¢eataraing 0% aromatics and 13%
isoparaftins. was obrained at 4507C and 2000 psa but in
a lower yield of o007 Most of the sulfur. nitrogen,
and oxygen presernt 11 the tar were removed. The gaso--
line formation. desulphburization, and denitrogenacion
reacticns were all fouad vo be of first-crder with acecr-
vation energies of 17 000 14.500. and 15,000 calnaries
per mole respectively. Linear relationships were found
between rate coastauts for gasoline formatinn (kg).
desulphurizaction ‘k.) aad denitrogenation ‘k,) as can
be represented by the folluwing equatioans:

kg = 1.1371 kg = 0.127%
kg =2 11 kg - 0.0069
k_l] =V ;3‘"7 k} Q 0*_57

; -
Hydrocracking reactions 1nvoliviong the breakage of chemical

bonds on the c¢atalyst surface are rate--determining.

Introduction

Hvdrocracking hasx been 1ovestigated 1n recent years as a

potential method far upgrading coal-derived liquids. The work

repor ted so far 1s very much larited ond the fundamental aspects
sre not well understond,.  Much of the earlier

af cunh nrnse
S+ 5SUCh

work

proces=¢s
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grec
was carried out 1a c¢aoacct'an with the coal hydrogenation
I
{¢

wrdon 1955, 194c¢,; and

two~-stage reaction was used 1n which the first stage liquified

the coal and the secand converted the resulting heavy distillates
to gasolinc by catalytic hydrocracking Carpenter, et al (1963)
reported the results of hydrocracking a lignite far in a contin-

uous

fixed bed resctor over cnbalt - -molybdate and zinc chromite

catalysts for producing gasolinc A maximum yield of 59% of

gasol ine was obtaincd at 4770C and 3000 ps1 pressure

rdon (9%3 194, and 1947 and Prer . 104Q9) where a

Rutkowski
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(1965) studied the 1aflueace of temperature, pressure, hydrogen-
o1l ratio, diluents, and catalysts on the hydrocracking of low
temperature tars and reported minimum coke yields using tetralin
and cyclohexane as diluents. Katsobashvili aand Elbert (1966)
reported a yield of 83.8% saleable products when a tar distillate
boiling from .230° to 360°C was hydrecracked 1n g continuous fixed
bed reactor at 500° to 550°C and 50 atmospheres under recycle con-
ditions. The. economic feasibility of producing gasoline from coal
by the H-coal process. wherein the heavy o1l produced in the first
stage was hydrocracked 1n a subsequent stage. was demonstrated by .
the results published by Alpert, er al (1966). Zielke, et al
(1966) i1nvestigated the suitability of zinc hallide catalysts for
hydrocracking coal extracts for the production of gasoline. The
results i1adicated that s moximum yield of 657 of gasoline could

be obtained at 4279C., 4200 psi pressure and 60 minutes reaction
time. In the present communication, the results of hydrocracking
of a'low temperature coal tar in a batch sutoclave over a catalyst
containing. sulphides of nickel and tungsten, suppoerted on silica-
alumina, are described The influence of temperature aund pressure
on product distribution and kinetic evaluastion of the data are
presented.

Experimental

Materials.

Low temperature tar from a 'high volatile bituminous c¢oal from
litah was prepared by carboaization at 550°C in a laboratory oven.
The 1light oil boi1ling up to 200°C was separated from tar by dis-
tillation (Table 1}. The catalyst (commercial) contained €% nickel
and 19% -tungsten, bcth as sulphides, supported on silica--alumina
and had a surface area of 212 sq. meters per gram and size of -200
mesh. 5-A molecular sieves were of chromatographic grade.

Equipment.

A 1-1litre high pressure autoclave with a magnetic drive
stirrer, pressure and temperature control devices, liquid and gas
sampling lines, and water quenching system (Figure 1) and hydrogen
cylinders with maximum pressure of 2300 psi were used.

Procedure for hydrocracking experiments.

In each experiment 100 c¢:¢c of tar and 10 grams of the catalyst
were used The equipment was evacuated to remove mest of the air,
filled with hydrogen and heated to the desired temperature. The
temperature rose to 300°C 1n 21 minutes and. 500°C 1n 28 minutes.

The reaction time was taken from the start of heating the equipment.
When the reaction. temperature was reached, -the pressure was adjusted
to-the experimental value and maintained ‘constant throughout except
in experiments conducted at pressures higher than 2000 psi where
there was a reduction 1n pressure of about 200 to 300 psi during



the course of the experiment. Experiments were conducted at dif-
ferent reaction times and 4 gas samples were taken out during each

experiment. At the end of the reaction time, heating was stopped
and the product was quenched rap.idly by circulating water in the
cooling corl i1mmersed in 1t. It took 1 to 2 minutes to cool the
product down to 250°C and 15 minutes to atmospheric temperature.
The pressure was then released slowly and the autoclave opened.
The product was transferred to a beaker, filtered to remove the
catalyst, and the water sepsrated to get the total oil product.
The mechanical losses were fouad to be less than 1%. The yield of N
the product was taken as 100% and 100 minus the volume of the total

0il product was taken as percent conversion to gas. A few c.c of - ]
the total oil product were used for sulfur and nitrogen analysis .
and the remainder was washed with 10% sodium hydroxide and 20%
sulpburic acid to remove tar acids and bases respectively. The
neutral o1l was then distailled anto 3 gasoline fraction boiling up
to 200°C. a diesel o1l fraction boiling from 200° to 360°C and . "
residue. The volume of each fraction in ¢ ¢ nbtained from the

total o1l product was taken'as volume percent conversion to that

particular fraction

Product analysais.

Sulfur was determined by the bomb method and nitrogen by the
C--H-N chromatographic¢ analyzer, F.M. Model 185. Tar acids and
bases were estimated by extraction with 10% sodium hydroxide and
20% sulphuric acid respectively. Hydrocarbon-type analysis was
done by the Fluorescent-Indicator--Adsoprtion method (ASTM, D1319~-
65T). ror the estimation of naphthenes and isoparaffins, the
saturated hydrocarbon portion was first separated from the mixture
by sulphonation with a mixture of 70% concentrated sulphuric acid y
and 30% phosphorus pentoxide (ASTM, D1019--62). The naphthenes
were estimated by the refractivity i1atercept method (ASTM, D1840-

64). The N-paraffin content was determined by adsorption over
5-A molecular sieves itn a gldss column of 0.5-In&éh diameter and
1.5~foot length. The 1soparaffins were obtained by the difference.
. The diesel 1ndex was calculated from API gravity and aniline point.
The gas analysis was done by gas chromatography in the F.M. Model
720 dual column programmed temperature gas chromatograph.

-

Results and Discussion

Product distrabution.

The yield of gasoline and gas and the 1iso~normal ratio in
butanes increased with temperature whereas the diesel oil decreased
while the residue remained almost the same (Figure 2). Tar acids -
and bases were removed completely along with most of the sulfur
and nitrogen at 450°C and 1500 psi pressure (Table II). Isomeriza-
tion increases with cracking and the gas yield and iso-normal ratio
in butanes are qualitative indications of the extent of cracking
reactions taking place lecading to the formation of gasoline. A
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pressure of 1500 psi 1s sufficient to suppress coke-forming reac-
tions and the gasoline is formed mainly by the cracking of the
diesel o0il, thereby affecting the quantity and quality of the
latter. The composition of gasoline obtained at different temper-
atures remains almost the same and the aromatics of the gasoline
are mainly formed by .the .dealkylation of alkylbenzenes, hydro- .
cracking of hydro--aromatics, and hydroremoval of sulfur, oxygen,
and nitrogen compounds.

. The gasoline yield increased at different rates with pressure
(Figure '3). The rate of gasoline formation was high in the pres-
sure range 1000 to 1500 psi, slowing down 1in the range 1500 to
2500 psi, and 1ncreasing again at higher pressures. The residue
decreased rapidly 1in the range 1000 tn 1500 psi but the decrease
was.small at higher pressures On the c«ther hand, the gas yield
and iso-normal ratio in butanes remained almost constant up to a
pressure of 1500 psi and increased at higher pressures (Figure 4).
Pressure does not have a marked influence on cracking reactions in
the range 1000 to 1500 psi but the 1ncrease in the yield of gaso-
line is due to the suppression of the coke-forming reactions. In
the range 2000 to 2500 psi. partial hydrogenation of aromatics to
hydro--aromatics takes place followed by the cracking of the latter
which 1ncreases the yield of gasoline and the aromatic content
(Figures 5 to 7). At hagher pressures complete hydrogenation of
aromatics to naphthenes takes place and increases the gasoline
yield. The naphthenes 1n the gasoline increase with a correspond-
ing decrease in the aromatics. Isomerization increases with pres-
sure and temperature., High aromatic gasolines were obtained in the
pressure range 1750 to 2500 psi (Table III). A maximum yield of
775 of gasoline was obtained at 500°C and 3000 psi pressure but
the highest quality product containing 60% aromatics and 13% iso-
paraffins was formed at 450°C and 2000 psi pressure which can com-~
pare well with the prem:um grade gasoline from petroleum (Table IV).

Kinetics.

Equilibrium was reached at different time periods at different
temperatures with reszpect to gasoline formation but the conversion
was 1007 in the case of sulfur and nitrogen removal (Figures 8 to
10). The sulfur and nitrogen removal reactions are not governed by
thermodynamic limitations but are limited only by kinetic factors
under the experimental conditions employed. Plots of log 3%; versus
time (Figures 11 ta 13), where "a" 1s the equilibrium conversion in
case of gasoline and 1initial concentration in case of sulfur and
nitrogen,. ar¢ linecar and the hydrocracking reactions with respect
to gasoline formation and removal of sulfur and nitrogen are all
first-order. The first-order rate constants are thus represented

by equations 1 to 3.

d_(Gasoline) - kg~(Tar) . (1)

dt
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_d jSuifur! Kk

ac = kg (Sulfur) (2)
_‘Q_lélgfggéﬂl =k, (Nitrogen) (3)
where '"kg," "kg," and "kp" are rate constants for gasoline forma-
tion and removal of sulfur and nitrogen respectively. There was no

change in the conceutration of hydrogen in the system during the

course of the reaction since the hydrogen pressure was maintained {
constant throughout. Hydrogen atoms may be 1nvolved in the rate-
determining step but their concentration constitutes one of the
constant factors 1n the rate constant term and does not show up in
the rate equation. However. hydrogea actually takes part in the
hydrocracking reactioans and, hence, the reactions are considered
pseudo-first-.order

The hydrocracking reactions under study follow true Arrhenius
temperature dependence (Figure 14) and the rate constants can be
represented by equations 4 to 6.

kg = 0.1567 x 106 e~17,600(RT hrs . —1 (4)
kg = 0.2134 x 105 e 14 500/RT 4, o -1 (5)
kn = 0.4738 x 105 elSQOO/RT hl"S.,“l (6)

The following values of enthalpies and entropies of actaivatjon were
calculated by the Eyriag equation plotting log k!'/T versus T (Figure
15). .

Mg = 16,200 cal /mole, 4Sg = ~-43.5 e.u.

Mg 12,200 cal./mole, 4Sg = -44.9 e.u.

8l = 14,900 cal /mole, 4Sp = -45.9 e.u.

1]

g

Linear relationship was found between kg, kg, and kg (Figure 16)
and can be represented by equations 7 to 9

kg = 1.1371 kg - 0 1278 (7)
ks = 2.1100 k, ~ 0.0669 (8)
kn = 0.53%7 ks -+ ©.0837 {9)

A major part of the gasoline is expected to be formed by the crack-
ing of hydrocarbons, but a minor part comes from the decomposition
of some of the sulfur, oxygen, and nitrogen compounds. The yield
of gasoline thus depends, to some extent, on the removal of sulfur
and nitrogen and this may result in some sort of interrelationship
between kg, ks, and kn., The dissociation energies of the C-C, C-S,
and C--N bonds may also have some influence on the above relation- .
ship, especially between kg and kp. However, the results presented
in this paper do not throw much light on the effect of other tem-
perature and pressure conditions and equations 7 to 9 are not con-
sidered to be having much quantitative significance at this stage.
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The energies and enthalpies of activation indicate that chemi-
cal reactions but not physical processes are rate-controlling. The
probable chemical reactions occurring during hydrocracking are
cracking, 1somerization, hydrogenation, pelymerization, condensation,
and dehydrogenation, all taking place on the catalyst surface. Under
the experimental conditions empleyed, polymerization, condensation,
and dehydrogenation are very much suppressed and may be eliminated.
It has been established by Weisz and Prater (1957) and Keulemans
and Voge (1959) that reactions occurring on acidic sites of the
dual-functional catalyst, like the one used in this investigation,
are rate--determining which eliminates the possibility of hydrogena-
tion reactions to be rate-limiting. Hence, cracking reactions
involving the breakage of chemical bonds and the isomerization
reactions, wherein skeletal rearrangement of carbonium ions takes
place, must be rate-limiting. It 1s known that in catalytic hydro-
cracking, cracking precedes isomerization and only the isomeriza-
tion of the cracked fragments occurs without any change of the
uncracked material (Flinn, et al., 1960, and Archibald, et al.,
1960). An excess of branched isomers than can be predicted by
thermodynamic equilibrium are also formed; the latter can only
happen if the isomerization of the cracked fragments can occur
very rapidly and leave the catalyst surface without appreciable
readsorption. Therefore, the isomerization is believed to be very
rapid and cannot be rate--controlling. Heénce, the cracking reac-
tions, involving the breakage of chemical bonds on the catalyst
surface, are rate--determining.
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Table I. Properties of Feed Material
Sp. gr. (259C) - . . 0.9042
Tar acids, vol. % of feed 30.0
Tar bases. wt. % of feed 3.5
Sulfur, wt. % of feed . 0.6984
Nitrogen, wt. % of feed 0.4018
Distillation data
I.B.P., ©C. 200
50% distillate 2989C
Pitch point 360°C
Residue, vol. % of feed 30.0"
Hydrocarbon tyges in neutral
fraction 200° to 360°C, vol. %
Saturates ’ 32.0
" Olefins 19.0
Aromatics 49.0
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Table II.

Temp. (°C.)

Reaction Time, hrs.

Yield,
feed

vol. % of

Gasoline
Diesel o0il
Tar acids
Tar bases
Residue- .
Gas (including
losses)
Sulfur, wt. %
of feed
Nitrogen, wt.
% of feed

Composition of
gasolineg vol. %

Aromatics
Naphthenes
Olefins
Isoparaffins
N-paraffins
Diesel index of
diesel o0il

Isobutane
N-butane

45.
35.
2.
1.
12.

4.
0.

0.

33.
10.

2.
25.
29.

40.

400
13

[eNeoNeoNeoNe]

0489
0924

oOUn o OoOn

[}

51.
29.

12.

35.

26.
27.

37.

CLnooOo

[oNoRoNoN

1500

425

12

.0210

.0442

v

.25

psi)

450
10

0.014

0.0321

34.
10.

26.
27.

[
o noounho

34.

61.
20.

32.
10.

27.
29.

31.

475

8

.0135

.0201

[*ReNeoNoNe]

o

.51

Influence of Temperature on Product Distribution
: (Pressure,

500
5

64.0
16.0

33.
10.

28.

28.0
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Figure 5. Effect of pressure on the yield of gasoline and
hydrocarbon types - Temperature, 400 C
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Figure 11. Plot of first-order equation for gasoline formation
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Figure 12. Plot of first-order equation for desulphurization.
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DELAYED COKING OF LOW-TEMPERATURE LIGNITE PITCH
John S. Berber, Richard L. Rice, and Robert L. Lynch

U.S. Department of the Interior, Bureau of Mines,
Morgantown Coal Research Center, Morgantown, West Virginia

This paper is one of a series on the upgrading and utilization of various low-
temperature tar fractions. Previous publications gave details on the preparation
of biodegradable detergents from the olefin fraction (1), phthalic and maleic anhy-
drides from the neutral oil (3), and carbon electrode ‘binders from the thermal
.cracking of the pitch (2). -

Processing of petroleum residuals by delayed coking has been practiced
commercially for a number of years (6). Pilot-plant studies have also been carried
out on coke oven pitch (7) and a low~te7nperature tar topped to a temperature of
425° F (i). We believe this is the first effort to extend delayed coking to a low-
temperature tar pitch.

MATERIAL, EQUIPMENT, AND PROCESS DESCRIPTION

The tar was produced by the Texas Power & Light Company from a Texas
lignite carbonized at 950° F in a fluidized bed. The pitch used in this study was
obtained by distilling the crude tar under vacuum to an atmospheric boiling point
of 630° F and amounted to 45 percent of the tar. Chemical and physical properties
of the pitch are given in Table 1. '

The delayed coking apparatus consists of a steel drum (C, see Figure 1)
fabricated from a 5-foot length of 8-inch carbon steel pipe. The drum is flanged
at the top and bottom ends to make the removal of the coke and cleaning easy.
Coke removal is facilitated by use of a tilting drum. The coking drum is heated
electrically (15.6 KW max). The pitch feed tank (A) was made from a 15-inch
length of 8-inch carbon steel pipe and a cone, with a 1/2-inch coupling at the apex,
is welded to the bottom of the 8-inch pipe and the top is open. The pitch tank is
electrically heated by a 1.8 KW heater.

The pitch to be coked is ground and liquified in the pitch feed tank by heating
to 400° F. The liquid pitch flows to the pitch feed pump {B), a small gear pump
driven by an electric motor and hydraulic speed control (J), and is pumped through
the pitch line preheater (F) which raises the temperature to about 485° F. The
pitch is then fed to the delayed coking drum (C) which is maintained at the desired
coking temperature. The pitch remains in the coking drum for several hours while
the volatile matters are driven off. The volatiles are fed to an oil and gas con-
denser (D) and oil is collected in the bottom of the separator (E), and the gas is
water scrubbed (H). The gas is then metered (G) and vented. A small tank (K) is
tied into the pitch system in such a way that the pitch can be flushed out of the pump
with a crude tar distillate fraction. Flushing the pump with crude tar before cool-
ing prevents pitch solidification and simplifies restart.

A photograph of the apparatus is given in Figure 2.
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The oil from the separator is vacuum distilled to about 750° F which yields
an aromatic-rich distillate and a residue. The distillate can be catalytically oxi-
dized to phthalic and maleic anhydrides while the residue, pitch, can be used as a
binder for carbon electrodes, road paving, roofing, or piping material, depend-
ing on its specifications, such as softening point, carbon-hydrogen ratio, hydrogen
content, and coking value.

RESULTS AND DISCUSSION

This investigation was conducted at temperatures from 800° to 1, 200° F and
at atmospheric pressure. The coke yield ranged from 25 percent at 800° F to 45
percent at 1, 200° F (Figure 3). This increase in yield is due to the higher degra-
_dation of the feed pitch at elevated temperatures. The product appeared darker,
smoother, and char-like at 800° F, while at 1, 200° F the coke had the silver-
grey color typical of coke (Figures 4 and 5).

The ash content of the coke, as shown in Figure 6, was the same over the
entire range of coking temperatures. The iron content of the coke (Figure 7) also
was constant at all temperatures.

The sulfur content of the coke decreased slightly with the increasing tem-
perature, Figure 8, indicating that, at higher temperatures, more of the sulfur
was being converted to gas. It has been reported that delayed coke can be used
as fuel for generating electric power (5). The relatively low sulfur content of
this coke, 0.80 percent, should make it especially attractive as a fuel in view of
present air pollution standards.

The coke obtained from this process can also be calcined and used as aggre-
gate in the production of metallurgical electrodes, although the ash is slightly
higher than the ash of petroleum coke which is currently used. It is desirable to
have an ash content below 0.5 percent in the coke. The coke loses 15 percent by
weight when calcined to 2,000° F.

The oil yield is a function of coking temperature and varied from 43 percent
of the feed pitch at 800° F to 17 percent at 1, 200° F (Figure 3). The specific
gravity of the oil was about 0.95 at 800° F and 1.18 at 1,200° F (Figure 9). This

. 0il, when distilled to 720° F, gave a distillate containing from 15 to 25 percent
combined acids and bases with the remainder consisting of a neutral oil. The
F.I. A. analysis of a typical neutral oil showed 89. 2 percent aromatics, 6.9 per-
cent olefins, and 3.9 percent paraffins. The vapor-phase catalytic oxidation of
the neutral oil yielded better than 30 percent phthalic and maleic anhydrides. The
distillation residue from the oil proved to be a suitable binder for metallurgical
electrodes. A detailed evaluation of its use as a binder, as well as the coke as
an aggregate, is in progress and will be reported in a future publication.

The gas yield was 17 percent at 800° F and increased to 39 percent at
1,200° F (Figure 3). The effect of coking temperature on the ethylene-to-ethane
ratio is shown in Figure 10. This is probably due to dehydrogenation and thermal
cracking. In addition, an increase in coking temperature is accompanied by a
decrease in the met.hané-to~hydrogen ratio (shown in Figure l1). This ratio drops
from 8:1 at 800° F to about 2:1 at 1,150° F. A typical analysis of gas obtained at
950° F is given in Table Il

|
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CONCLUSIONS

This work has shown that the commercial value of lignite pitch is increased
by coking. The coking operation yields three products: oil, gas, and coke. The
oil upon distillation is a valuable chemical intgrmediate. The coke could be used
as an aggregate for metallurgical electrodes, other graphite products, and as a
low-sulfur fuel. The gas is a possible substitute for natural gas or a source of
hydrogen if subjected to a steam reforming process. Ethylene could also be
recovered from the gas stream and used as a raw material.
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Table I. Properties of Pitch Feed

Ultimate .analysis:

Carbon, % ... .. L... 84,72
Hydrogen, % . . . . .. .. '8.53
Nitrogen, % ... ..... © 0.87
Oxygen, %o . .cooo... 4.62
Sulfur, % .. .. e v .. ©0.90
Chlorine, % ........ 0,01
Moisture, % ... oo . . 0,00

Flash point, ° F

Softening point (R & B) glycerm, °C

Softening point (cube in glycerin), ° C .
_Penetration at 77° F, . 100 grams, 5 seconds

" Specific gravity, 25°C/25° C

.....

As received -

“Ash, T @ v i i i i e e e et e e e ..
Water, % .. oo e s e e e e e e
Ductility, cm at 77°F .. ... o0 v
Bitumen, soluble in CS, .. .. ... ... .
Free carbon .. ......... c et e e e .o
Distillation: :

T0300C% ....... e e e e
Softenmg point of residue (R & B), °C .

Sulfonation index of d1st1llate to 300 C ..
,Conradson carbon, Do o v o v veu

Table II. Composition of Gas at a .Coking

Temperature of 950° F

ComEonent

CO, vevn.n.
CO.vvnnn.

Hy «vvnnnn

Volume-percent

0.74
4.91
7.67

. 43.83

13.97
9.94

. 13,54

5.40

510

90
105

1.128 -
0.35 -
0. 00

78.80
20. 85
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- Pitch feed pump
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FIGURE 1. - Flowsheet of Delayed Coking Process.

A. Pitch feed tank

B. Pitch feed pump |
§ C. Delayed coking drum}
D. Gas and oil cooler |
H
i

E. Oil separator

FIGURE 2. - The Delayed Coking Apparatus.
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FIGURE 3. - Effect of Temperature on Pfo’duét Distribution. -
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FIGURE 4. - Coke at the Top End of the Drum.
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FIGURE 5. - Coke as Taken From Drum.
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SULFUR CONTENT,
wt pct of coke
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FIGURE 8.. - Coking Temperature vs. Sulfur Content of Coke.
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FLUORODINITROETHANOL AND DERIVATIVES*

Henry J. Marcus

Aerojet-General Corporation, Azusa, California

Introduction

The chemistry of 2-fluoro-2,2-dinitroethanol has been investigated for the past !

several years, and it is a privilege to present some of this material at this time,
This paper presents a summary of a process evaluation study,. and much of the chemistry
involved will be reported in greater detail by the original authors in the coming
months. It may be stated at the outset that the chemistry of fluorodinitromethyl
_compounds shows marked similarity to trinitromethyl or gggrdlnltromethyl compounds,
which are well-known in the 11terature.

Synthesis of 2-Fluoro-2,2-dinitroethanol

One preparatlve method for 2-fluoro-2,2-dinitroethanol (PDNE) is based on the
fluorination of the. aci-sodium salt, of dinitroethanol

K0 eNa o,
F (or clo F) + c - CH,08 —> FC CH,0H (1)
NO ‘ _ NO
I
The.starting material for Reaction (1) is prepared in situ by the deformylation of /
2,2-dinitro-1,3-propanediol with one mole of base
KO, NO eﬂa
HOCH, ¢ CH,OH + NaOH ——> c cn OH (2)

NO ' : uo - ' (
I

Compound II is preferably prepared by the oxidative nitration of 2-nitro-1,3-pro-
panediol (Reference 1). II is not isolated, but is partially purified by extraction
from the aqueous reaction mixture with ethyl or isopropyl ether, followed by an ex-
traction of the ether solution with aqueous base, which converts II to the aci-sodium
salt of dinitroethanol. Although other methods of preparation of I1II are known, the
route shown was the one of choice.
/i

Conversion of II to PDNE was carried out by introducing fluor1ne gas, diluted
1:1 with nitrogen, into the ajueous solution of the aci-sodium salt at 15 to 25°
(Reference 2). It was found that efficient dispersion of the fluorine is essential,
and that stainless steel gas-inlet tubes with open ends of 1/4 or 3/8 in., or with
various hole sizes of 0.016 to 0.040, are satisfactory in a 50-liter vessel. The
amaller the diameter of the holes, however, the more frequently were they occluded
by sodium fluoride. A rapid injection of water served to remove the obstruction,

® This report is based on work supported, in large part, by the AEC through the
Lawrence Radiation Laboratory of the Unmiversity of California.
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Yields of 60 to 70% of FDNE were generally obtained, although about 100% of the
theoretical quantity of fluorine was consumed. The pH of the solution was not a
critical factor, so long as it was maintained at or above the 7.5 to 8.0 level. The
L same results were obtained whether the pH was maintained at 8.0 or whether fluorina-
tion was begun at a pH of about 11, and the solution allowed to go acid; in the
latter case, however, it was sometimes necessary to add alkali and to continue the
L fluorination,

Ethyl ether was found to be very efficient in extracting FDNE from the aqueous
fluorination mirture. However, it tends to extract some impurities along with the
) FDNE. For example, one of the contaminants found in the fluorination of II was
identified as 2,2,4,4-tetranitro-1,5-pentanediol {Reference 3). It was obtained in
rather significant quantity (3 to S percent) from an ether extract of FINE, from a
batch in which most of the FDNE had previously been extracted with methylene.
~chloride. 'In actual practice, sodium chloride is added to decrease the solubility
of FDNE in the aqueous medium, and methylene chloride, with a far less favorable dis-
tribution coefficient than ether, is used as the extractant. The crude product ob-
tained by removing the solvent is generally 80 to 90 mole-percent pure, as analyzed
by gas chromatography. ) -

An alternate method for preparing FDNE consists of the fluorination of nitroform,
followed by reduction with alkaline peroxide and the Henry reaction with formaldehyde
(References 2 and 4).

HC(NO,), + F, —g5z5> Fe(NO,), (3)
‘ ' III
A
FC(NO,), + H,0, + HCHO ———=> FINE _ (4)

T vy T _——— Ty

The fluorination of nitroform is carried out under conditions similar to those des-
cribed for the aci-sodium salt of dinitroethanol, but the yields are superior (80 to
90% of theory), and the isolation of the product presents little difficulty; III is
essentially insoluble in water, and, following mild washing, is obtained in 98
mole—percent purity (gas chromatography). A slight source of difficulty is pre~
sented by the emulsified interface, but this problem can be overcome by vacuum fil-
tration and water-washing. Nitroform starting material may, if necessary, be pre-

) pared by the alkaline-peroxide reduction of tetranitromethane, and fluorinated in
situ; in this case, yields of III from 65 to 70% (based on tetranitromethane) are
obtained. '

-

The route shown in (4) was discovered by workers at the U.S. Naval Ordnance

Laboratory and substantial improvements since then, primarily by NOL, have made the

b process a very attractive one. The reduction of III, when carried out at -5 to -10°C
in alkaline medium with a 20% excess of hydrogen peroxide and formaldehyde, gives
yields of 90% FDNE in 95 mole-percent purity. The reaction can be effected in
aqueous methanol in order to enhance the solubility of FIM in the reaction mixture,

| or, alternatively, a surface-active agent such as sodium p-tolunesulfonate or Tri-
ton X-100*, may be added to achieve the ‘same result. The latter method is particu-

' larly advantageous when it is desired to use the solution of FDNE in the methylene

® An alkyl phenoxy polyethoxyethanol (Rohm & Hsas Co.)
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~

chloride extractant without other hydroxyl-containing impurities; water alone is
readily removed from the solution, but a significant quantity of methanol, together
with the attendant water, presents a more tedious problenm.

Physical Characteristics of FDNE

Fluorodinitroethanol is a mobile, colorless liquid, b.p. 53° at 1 mm Hg,
m.p. 9 to 10—1/2°C. Its density is 1.54 g/cc at 25°C. It can be vacuum-distilled
with very minor decomposition (much less than 1%), but that slight decomposition does
occur is indicated by small deposits of paraformaldehyde. Its refractive index is
1.4330 (nzg). It is a very strong vesicant, and skin contact is to be avoided.
Values of its sensitivity to impact or shock are not very consistent, but certain evi-
dence suggests that caution is in order. For example, a 70 weight-percent solution
in methylene chloride had an impact sensitivity of less than 10 cm compared to 50 cm
for 3eat FDNE (0lin Mathieson Tester, 2 Kg weight, 50% point; n~propyl nitrate =
8 cm).

Analysis of FDNE

Analysis of FDNE may be based on several criteria, of which purity by gas-
chromatography is perhaps the most useful. Consistent results have been obtained
with a 6-ring polyphenyl ether column in an Aerograph A90 gas chromatograph. An
Aerograph Model 325 temperature programmer was attached to the oven heater, and by
programming from 90 to 140°C at 6°C/min, very satisfactory separation of components
was achieved.

FDNE may also be analyzed by measuring its absorbancy in dilute aqueous base at
382 mu. For pure FDNE, log € = 4.27. This determination must be made on fresh solu-
tions, as the anion of fluorodinitromethane reacts with hydroxide ion.

A third method of analysis was developed by titration of FDNE in acetonitrile
with O.1N tetrabutylammonium hydroxide. Under these conditions, FDNE titrated as a
dibasic acid, giving a single, sharp inflection.

Synthesis of bis(2—Flu0ro—2,2—dinitroethoxy)methane

One of the more inte esting derivatives of FDNE is its formal, bis(2—fluoro—2,2-
dinitroethoxy)methano (FEPO) (Reference 5). Since conventional methods of acetgl
formation fail with electronegatively substituted alcohols such as trinitromethyl,
gem-dini tro, and fluorodinitromethyl compounds, recourse was had to a method first
developed at NOL (Reference 6), involving the use of concentrated sulfuric acid as
the reaction medium _

2x PC(NO,) ,CH,0H + (HCHO)_ comal [Fo(o,) cu, B (s)
IV (FEFO)
Under these conditions, FEFQ is produced in 70 to 90% yields. The reaction may con-

veniently be carried out by adding concentrated sulfuric acid slowly to a solution of
FDNE and g-trioxane in methylene chloride, but many variations yield equally satis-

factory results. In place of trioxane, paraformaldehyde may be used, and the methylene

chloride may be replaced by a similar solvent, or the reaction may be effected with-
out the use of organic solvent by adding FDNE to a solution of formaldshyde (from
either trioxane or paraformsldehyde) in sulfuric acid. A solvent may then be employed
to assist in the isolation and purification of the product.
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The effects of an excess of formaldehyde or an excess of FDNE on the yield and
purity of FEFQO were assessed in a series of runs in which the molar ratios of FDNE
to formaldehyde were 2.5:1.0, 2.0:1.0, and 1.5:1.0, respectively. An additioral run
was made at the 2.0:1.0 ratio, in which the condensation medium was 100% sulfuric
acid in place of the usual 95 to 98% acid. The results are summarized in Table 1.

TABLE 1

VARIATION OF REACTANT RATIO IN FEFO SYNTHESIS

Case Molar Ratio,

No. FDNE:sHCHO FEFO*
1 2.5:1.0 99.2
2 2,0:1.0, conc Hp504 98.2
3 2,0:1.0, 100% H2SO04 98.9
4 1.5:1.0 93.6

® GC assay

% Impurity of

Higher GC
Retention Time % Yield
0.8 88.0
1.8 82.9
1.1 79.0
6.4 83.5

It is apparent that the reagents in stoichiometric ratio will yield good FEFO very
effectively; that the higher purity FEFO obtainable with 100% sulfuric acid may com~
pensate for the use of slightly less pure FDNE; and that even a 25% excess of formal-
dehyde can be tolerated, provided purification with sulfuric acid is added to the

process (see below).

A series of runs (all with molar ratio 2.0:1.0) in which the reaction tempera-
ture was maintained for two hours at O to 10°C, 20 to 25°C, and 35 to 40°C, gave
yields of 87.3, 87.8, and 84.0% FEFO, respectively, all of identical quality. The
run at the highest temperature was carried out primarily to determine what, if any-
thing, might occur if the reaction went out of control. Since methylene chloride
served as the organic solvent in these runs, it apparently served to control the exo-
therm. This series further showed that product yield and purity are unaffected by re-

action temperatures from 0° to at least 25°C.

In practice, the preparation of FEFO can be carried out conveniently by using the
solution of FDNE in methylene chloride directly, without isoclating the FDNE, although
the .solution is generally dried by passing through a silica gel-Drierite column, and
a portion of the solvent is removed by distillation to avoid handling excessive
volumes. The requisite amount of g-trioxane is then added to the solution, and con-
centrated sulfuric acid (approximately 1 ml acid per gram of FDNE) is then added drop-
wise with good agitation at 20 2 5°C. The reaction mixture is stirred an additional
1 to 2 hours, and the methylene chloride (upper) layer is separated. The FEFQO solution

is then washed countercurrently or batchwise with 5

agueous sodium hydroxide, and dried

by percolation through a column of silica gel. Removal of the solvent under vacuum
leaves the product as a clear, colorless liquid, generally 30 to 98 mole-percent pure,

as analyzed by gas chromatography.

The contaminants in FEFO generally consist of several products of lower GC re-
tention-times, and one or two of higher retention times.® The latter have been

® Referred to, for convenience, as "high-boilers"
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identified (Reference 7) as the FEFO analogs with two end three methyleneoxy chains
in the molecule, respectively.

CH
FC(NO, ) ,CH,0CH,,0CH,,0CE CF(NO, ), and [FC(NOZ)ZCHZOCH o] » Ot

v V1
Compounds V and VI seem to arise whenever the condensation medium is contaminated with
water. If one is aware of this beforehand, the problem can be overcome by the use of
fuming sulfuric acid, as shown in Table 2,
TABLE 2
EFFECT OF DILUTION WITH WATER ON FEFO SYNTHESIS

Mole~% Components

Case : with lower GC ) )

No. Conditionsg retention time % FEFQ % High~boilers ﬁ Yield
5 Standard* 3.6 T 93.4 3.0 92.5
6 '10% Hp0 added to FDNE 4.3 44.7 51.0 83.6
7 As in 93, with 20-23% 2.9 9%.4 3.7 71.7

fuming H2304 in place of
conc. HZSO 4

2.0 moles of FDNE (distilled) per mole of formaldehyde

Results similar to those of Case No. 6 are obtained whenever the FDNE-méthylene chloride
solutions are inadequately dried.

If the FEFO product is still too highly contaminated with V and/or VI, purifica~
tion may be effected by low-temperature crystallization from methylene chloride-hexane
in a tedious, somewhat wasteful procedure, or by agitatj.on with concentrated sulfuric
acid. Hesultsn from the latter treatment are presented in Table 3. "

TABLE

PURIFICATION OF FEFO WITH SULFURIC ACID

Hole-% Components High-Boilers

Case with lower GC .

No. retention time FEFQ v vi_. % Recovery ,
8, crude 1.2 87.3 5.6 5.9 L -

8, purified 1.7 96.6 0.1 1.6 82

9, crude 0.7 : 95.6° 3.7 - -

9, purified 1.4 98.6 - ' - ’ 89 /)

Extremely interesting results were obtained in the course of preparing FEFO from
an FDNE-methylene chloride solution after attempted purification. This FDNE was pre-
pared from fluorotrinitromethane in methanolic solution, and the FDNE-methylene
chloride solution was later found to be highly contaminated with methanol and water.
The crude FEFO-methylene chloride solution, following separation from the sulfuric
acid layer, was divided into two equal portions. One portion was worked up in the
usual manner, and the other was treated with two portions of concentrated sulfuric
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acid before being worked up. The first portiph gave a yield of 48 pe}cent (calculated
as FEFO), the second 42 percent. GC analysis showed the following results:

TABLE 4
IN-PROCESS PURIFICATION OF FEFO WITH SULFURIC ACID

Mole-% Components . .
with lower GC £ High-Boilers

Case No, retention time % FEFQ v _¥_
10, treated as usual 17.1 37.6 43.8 1.5
10, purified in process 1.0 " 93.7 5.3 -

In spite of fhe fact that the conventionally-treated FEFQ was apparently not com-
rletely freed of solvents, and the results are thus not strictly comparable, it is evi-

~dent that a very high degree of purification was achieved. Since the yield of FEFO

was nearly the same in both cases, it must be concluded that purification took place
primarily other than through extraction of V and VI, and that the latter may have been
converted into FEFO by a process indicated in the following sequence:

: H

® ____ . ®
ROCH,OCHO0R + H ROCH,0 "CH,,OR (6)

[ROCHZ] + HOCH,OR ——> ROH + HCHO

1. @ ®
| [ROCHZ] + RO (RO)CH, + B

The purification of 'FEFO with concentrated sulfuric acid immediately following separa-
tion of the FEFO-methylene chloride solution from the sulfuric acid reaction medium has
consistently removed nearly all of the high-boiling contaminants, and has been made a
standard procedure in FEF0 preparation.

Several routes are known which yield FEPO from intermediates other than FDNE.
One of these methods utilizes bis(2,2,2-trinitroethoxy) methane (VII) as the starting
material (Reference 4)

[(N_O‘?v)acﬂ;_p]2 CH, m _[(N02)ZC cnzo]zcuz 7 FEFO (1)
2% : 2

VII VIII

VII is reduced to the disodium salt (VIII) in the presence of alkaline peroxide in
aqueous methanol. The organic solvent, added initially to ensure solubility and facili-
tate reaction of the starting material, must then be removed by vacuum distillation
prior to fluorination. The product has been obtained in yields of up to 60% by this
route, The sensitivity of VII, and the fact that large volumes and much time are re-
quired to effect the removal of the methanol, are severe disadvantages in this process.

Moderate yields of pure FEFO are obtained via another route which utilizes VII

.as the starting material:

Vil —————> VIII] —— |HOCH_C(NO,),CH O|,CH, —> VIII ~——% FEFO (8)
'H2O2,Ol:le " H® HcHo [ 2 e 2]2 2 w® R,

IX

The conversion of VIII, by means of the Henry reaction, to bis(3—hydroxy-2,2~dinitro-
propoxy)methane serves as a means of purification, and as a result the yields from IX
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to FEFO are quite high (80 to 85%). The overall yield starting from VII, however, is
45 to 55%, and the large volumes and lengthy procedures decrease the utility of this
method even further.

Physical Characteristics of FEFO

FEFO is a colorless liquid, b.p. 120 to 124°C at 0.3 mm Hg, m.p. 14°C. 1Its density
is 1.595 g/cc at 25°C, and its index of refraction nZB = 1.4398. It is soluble in
the lower aliphatic aleohols and esters, and in most chlorinated solvents., It is
stable to strong acids, and relatively stable to dilute aqueous alkali. Its sensiti-
vity to impact has given values ranging from 11 cm (50% point, 2 Kg weight, RDX =
28 cm) to 40 to 50 cm (50% point, 2.5 Kg weight). Toxicity data are scanty but tend
to indicate relatively low toxicity, at least by external exposure to skin or eye.

Analyais of FEFOQ

Gas chromatography has been employed as the most suitable analytical method for
FEFQ assay. GC FEFO analyses are conducted with a six ring polyphenyl ether column
and a sensitive flame ionization detector. A 2-minute isothermal run at 100°C is
followed by a programmed increase of 6°C/minute to 200°C, and an additional 8
minutes at 200°C. All components are eluted within a 20-minute period. These opera-
ting conditions give well-resolved peaks with minimal tailing. Although sample sizes
have been varied between 0,2 and 0.8 pul, 0,2 to 0.3 Ul is preferred.

Preliminary studies suggested that chromatograph oven temperatures between 180
and 200°C would not cause measurable decomposition of FEFO. Therefore, to enhance
volatilization and peak shape, a pre~heater temperature of 185°C was selected. How-
ever, at this temperature the area percents of the more volatile components did not
reproduce well, although consistent data were obtained for the other impurities. A
later series of tests of vaporizer temperatures from 150 to 200°C demonstrated the
necessity of operating at 150°C because of an apparent degradation of FEFO at the
higher temperatures. The data suggest that the apparent increase in impurities of low
retention time at temperatures above 150°C is actually due to degradation of FEFO,

Its assay decreases with the increase of these impurities attendant with the increased
temperatures. By operating the vaporizer at 150°C, reproducible chromatograms are ob-
tained without noticeably altering the elution times.

The anhydrous potentiometric titration applicable to FDNE may be used for EEFO
also. FEFO can be titrated in acetonitrile with tetrabutylammonium hydroxide to
give a single well-defined break corresponding to the removal of four protons per
mole. A single sample assayed 88.8% PEFO, compared with 86.T% obtained by gas

. chromatography. Since the impurities in FEFO are also apt to have acidic properties,
this method was not developed further. '
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RECENT CHEMISTRY OF THE OXYGEN FLUORIDES
I. J. Solomdn, A. J. Kacmarek, J. K. Raney, J. N. Keith

IIT Research Institute, Chicago, Illinois

Some of the recent chemistry of the oxygen fluorides will

bg discussed. The reaction of OF, apg SO; has been studied by using

[0} labeled starting materials and O NMR spectroscopy, and evidence
for an OF transfer mechanism is presented. Similar experiments with
0 labeled SO, and O,F, have shown that the ‘reactions of O,F, can be

explained in terms of 'an OOF transfer. The generality of this reaction

is shown in that CF ;CF(OOF)CF, and CF3CF CF,00F are formed by the
reaction of O,F, and CFCF=CF,.
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GAS GENERATOR PROPELIANTS

E. S. Sutton, C. V. Vriesen, and E. J. Pacanovsky

Thiékol Chemical Corporation
Elkton Division
Elkton, Maryland

The properties of ammonium perchlorate have made it the oxidizer of choice
for composite sclid propellants for the past 20 years. Its ability to produce
propellant compositions with high flame temperatures and densities has made it
extremely useful to the missile propulsion industry. Recently, it has become
possible to convert:this versatile oxidizer to another missile system application,
that of warm gas generator propellants.

Werm ges generctor propellants are required for driving turbine-alternator
systems for elecirical power generation, for actuating jet-controlled attitude
control systems, and for propelling torpedo propulsion units. Despite the
advantages of armoniun perchlorate, it has been difficult to utilize it in these
applications, because of the inherently high flame temperature (1500° to 5500°F)
of propellants based on it. Because of the materials of construction used in
varm gas generator systems, the flame temperatures of these propellants are
limited to values in the region of 2200° to 2300°F.

In propellant technology, reduction of flame temperature is most conveniently
obtained by reducing the oxidizer to Tuel (O/F) ratio to a very low value, so that
the composition is extremely fuel richn. In Figure 1 a plot is shown of flame
temperature versus the weight percent of IH;C10) for a mixture of ammonium
perchlorate and o typical low oxygen content, high fuel content polymeric hydro-
carbon binder. Although aluminum powder is normelly used as a fuel component in
solid propellants, it has been omitted for two reasons: it increases flame
temperature to still higher (and undesireble) values, while producing solid
A1203 particles as an exhaust component. For most gas generator systems, the
presence of solid particles in the combustion products is extremely undesirable
because of the resultant clogging and erosion of the metallic portions of the
system. .

Exemination of Figure 1 shows that the gradual reduction of the HHLC1O)y
content from 907 to T0% reduces the flame temperature from 5000°F down to the P
desired level of 2200°F, simply by greatly reducing the oxidation ratio of the
system. The oxidation ratio decreases from 4.33 down to 1l.15 for these two
compositions, wvherc oxidation ratio is defined as:

: L0 Atoms
Oxidation Ratio =

TC Atoms + & SH Atoms

- Unfortunately, this reduction .results in undesirably high levels of solid
carbon in the combustion products vhen these are exhausted to the atmosphere.
This can be seen in Table 1, where tne level for the high fuel content binder is
6.45% solid cartcn by weight. ilo carbon is found in the combustion chamber at
1000 psia, but expansion of the gases to 1k.7 psia results in copious quantities
of black smole.

T™wo methods are applicable to the solution of this problem; The first of these
involves substitution of much higher -oxygen content binders for the polymeric fuel.
In Figure 1 and Table I the results of substituting highly oxygenated polyester



66,

polymers for the conventional fuel can be seen. Use of a carboxy-terminated

polyester based on diethylene glycol and adipic acid, with an oxygen content of

37.0% results in almost a 50% reduction in solid carbon in the exhaust. The reg-

uired amount of NHyCl0j oxidizer for a 2200°F temperature is reduced to approxi-

mately 62%. For a hz.d»ﬁ oxygen content binder, the amount of oxidizer for gener- !
ation of 2200°F is reduced still further, to approximately 58%. Since one of the
combustion products resulting fromthe use of NH;ClOy is HCl, with its consequent

erosivity of certain metals of construction, these reductions in oxidizer content )
are quite desirable, since they result in corresponding reductions in HCl content. '

The second method of lowering flame temperature involves the addition of a
third component to the system that is as low in energy content as possible and
that has an internal oxidation ratio close to 1.0. Compounds with these high
negative heats of formation and balanced stoichiometry are aptly designated as
"coolants", since they are both poor fuels and poor oxidizers. A representative
14ist of compounds of this type is shown in Table II. The oxidizers, ammonium '
perchlorate and ammwonium nitrate, are included for comparison.

For each compound, the empirical formula, density, oxidation ratio, and heat
of formation in kilocalories per gram are given. Because warm gas generating
systems must be efficiently packaged, high density values are desirable. The
advantege of possessing an oxidation ratio close to 1.0 has already been pointed
out. Finally, since high flame temperatures result from either low negative or
positive heetc of formation, it is desirable that the value for AHp/M be as
large a negative number as possible, in order to produce low flame temperatures.

Examination of the compounds in Table II shows materials ranging from low
oxidation ratio fuel-like compounds such as oxamide and azodicarbonamide, to more
evenly belanced materials such as ammonium oxalate hydrate, oxalohydroxamic acid,
and hydroxylammonium oxalate. Ammonium dihydrogen phosphate theoretically appears
%o be an oxidizer, like ammonium nitrate, and ammonium perchlorate; however, in
actuality it serves only as a coolant, since the phosphate portion of the molecule
is extremely ctable at elevated temperatures, and is not a source of oxygen, unlike
the nitrate and perchlorate structures.

As might be expected, the compounds in the middle of the list are the most : )
desirable and useful corlants; in particular, oxalohydroxamic acid (also some-
times referred to as dihydroxyglyoxime-DHG) is of particular interest. Its high
density, balanced stoichiometry and negative heat of formation are of importance
in this regard.

Table III points out still another important factor in the selection of an
-effective coolant. A good coolant is thermally stable, but not too stable.
Oxalohydroxamic acid is quite satisfactory in this respect, showing no endotherm r
or exotherm in differentisl thermal analysis below 300°F, but it completely fumes Y
off at the slightly higher temperature of 338°F (dec.). Its ammonium salt, on the
other hand, exhibits its first exotherm at a lower temperature than 300°F, but it g
is not completely decomposed until 400°F is reached. The other coolants shown are
more stable in a thermal sense, but this frequently means that the amounts that can
be added to a propellant formuletion are limited to low levels because of difficulty
in achieving cowmbustion.

The effect of adding various amounts of coolant to typicel warm ges generator
propellant compositions is shown in Figure 2. At the same binder content of 26.51;,
larger amounts of oxalohydroxamic acid (DHG) are required to reduce the flame
temperature of the 47 oxygen content binder to the 2200°F level than for the 37%

. oxygen content binder. The more negative heat of formation of hydroxylammonium

" oxalate makes it possible to reach the 22000F level with even less coolant. The
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overall effectiveness of these coolants is realized vhen the flame temperatures

' of the same compositions without coclant are compared, for these are 4250°F and
3900°F, respectively, for the 42% and 37% oxygen binders. Hydroxylammonium
oxalate (HAO) is especially effective in improving the cleanliness of the exhaust
for only 22% of this coolant produces a 2278°F flanme temperature with no solid
carbon in the exhaust products.

In addition to the foregoing methods of reducing carbon in the exhaust

5 products, it is also possible to effect a reduction by reducing the pressure at

i which the combustion reaction is carried out. An indication of the extent of
this factor can be seen in Figure 3, where the weight percent of solid carbon

] formed in the Exhaust is plotted as a function of the combustion pressure for a

) single composition over the pressure range of 100 psia to 20,000 psia. At 20,000

i psia, tie carbon content of the exhaust is over 5% by weight, while at pressures
below 500 psia, 0% carbon results. A reduction in fleme temperature also results,

) vith the value of 23T4CF for the 20,000 psia level decreasing to 2058°F at 100 psia.

In addition to the formation of solid carbon, it is also possible for ammonium

| cnloride to condense in solid crystelline particles during the reduction of flame

] temperature resulting from expansion of the combustion gases through a nozzle or

turblne system. The presence of chlorine in the ammonium perchlorate leads to the

) formation of HCl as one of the combustion products; this in turn reacts with traces

’ ~ of IH3 in the composition products to form NH4Cl when the temperature of the system

i falls below the value at which the vapor pressure of NH;Cl is equal to the pressure

! of the sSystem. A plot of the vapor pressure - temperature relationship for NH,CL is

y shovn in Figure k4. { the temperature and pressure of the system fall above the line,
solid HH)Cl will not form; when either the temperaturc or the pressure or both are

i reduced suffliciently to {211 belowv the line, formation of solid particles will occur.

AN

In gencral, the higher the pressure in the system, the less likely it is that NH;Cl
will depocit on cold walls or surfaces in the system.

Another problem resulting from the presence of HCl in the combustion products
is the reaction of small amounts of this acid with the metallic materials of con-
H struction in systems using warm gas generators of this type. The metal chlorides
formed from these reactions are undesirable for two reasons: changes in the
dimensions of the attacked metal surfaces result from a volatilization of the-
I cnlorides, and later on deposition ‘of metal chloride particles can occur in unwanted
locations as the temperature of the gas is reduced.

-

13 Teble IV shows. the deposition temperature (melting point) for several of these

rnetallic chlorides at a pressure of 1000 psia (68.05 atmospheres). They are

arranged in order of increasing volatility. Although the rate of erosion of sur-

\ ‘faces of most of these metals is extremely slow, as shown by the data on loss rate,

the amounts of the chlorides formed are still of concern in some applications. The

use of carbon steel is undesirable, but some stainless steels are satisfactory' due

b to the protective action of chromium and nickel. The use of molybdenum and its alloys
results in good erosion resistance and volatile chlorides for the reaction products.

Finally, it should be pointed out that a general correlation exists for a great
many of the specific compositions described in this paper between theoretical flame
temperature and % solid carbon in the exhaust. This can be seen in Figure 5, for
with a few exceptions, all of the compositions previously discussed fall within a
single band. Above a flame temperature of approximately ESSOOF, no carbon forms;
while below this temperature the amount formed is inversely related to the temperature.
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In summary, two general methods of obtaining low flame temperature propellant
compositions have been described that do not result in the production of large (over
6%) quantities of solid carbon in exhaust products. These are the use of highly
oxygenated polyester binders and the use of “coolant” compounds with large negative
values of AHp/M and oxidation ratios close to 1.0. Two useful compounds of this

type are oxalohydroxamic acid and hydroxylammonium oxalate.

The effects of varying combustion pressure over the range of 100 to 20,000
psia have been described. Effects related to the presence of HCl in the system,
including the conditions controlling solids such as NH;Cl and various metallic
chlorides in the system have also been discussed.
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Teble 1

of

Combustion Products

o Vgt % Flame Oxidation vgt. % C(SZ
Binder Oxidizer/Coolant Temp. (°F) Ratio in Exhaus
Low Oxygen Content 70/0 .2186 1.15 6.15
37% Oxygen Content 60/0 2028 1.56 3.52
37% Osxygen Content 43.5/30 2138 1.69 1.99
42% Oxygen -Content . 37.5/36 2175 1.7k 1.88
Tzble 11
" Coolents
i Bpiriel Dl omiion Mfeea
Azodicarbonzmide CoHy, Oplh, 1.63 0.5 -0.60
Cxomide Coll), Op i, 1.667 C.5 -1.37%
.Anmonium Oxalate Hy@rate CEHJ_OOSNZ 1.50 0.715 -2.40
Oxalohydroxamic Acid czﬁhoi*n2 1.85 1.0 -1.138
Hydro;qlamnonium Oxalate ColigOgh, 1.60 1.0 -1.85
Armmonium Dihydrogen Phosphate I'IHAHZPO1+ 1.803 1.33 -3.02
Armoniun nitrate.‘ N, o 1.725 1.5 -1.09
Ammonium Pcrchlérat‘e “HhClOu 1.95 2.0 -0.60
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Table ITI

Differential Thermal Analysis

Oxalohydroxamic Acid

-~ Ammonium Oxalohydroxamate

Hydroxylarmonium Oxalate

Azo-dicarbonamide

Ammonium Oxalate Hydrate

Metal

Ni
Fe

Ty

- Nb

Mo

of Coolants

Table IV

Endotherm (°F) Exotherm (°F)  Fumes (°F)
None 311.0 338.0
None 266.0 kor.o
2.4 348.8 399.2
None 312.2 U514
192.2 + 413.6 (dec.)  None None

Formation and Deposition‘of Metallic Chlorides

Milligrams of Loss
per 10 grams

0 (1)

3.6

(1) 304 Stainless Steel

Highest Melting Chloride:

Chloride

Crel
NiClp
FeCl,
TiC.L3
zrcy,,
WCIS

N'bC.Ls

bbCls

Melting Point (°C)

1150
1001
670-6Th
dec. 40
k37
2715
20k.7
194 |

L
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*"THE SYNTHESIS OF FLUORAMMONIUM saLrst
Vytautas Grakauskas, Allen H. Remanick, and Kurt Baum

‘Contribution from Chemical & Biological Prdcesses,
Aero jet-General Corporation, Azusa, California 91703.

" Of the four possible fluorine-substituted ammonium ions, only the tetra-
fluoro derivative has been reported as a stable salt.2s3 Difluoramine and tri-
fluoramine have been reported to form reversible complexes with Lewis acids at
low temperatures. Fluoramlng was claimed to be a by-product of the electroly-
sis of -ammonium bifluoride”:® but the results have been shown to be in error.

" Dimethylfluoramine was synthesized by the fluorination of unsymmetrical di-

methylsulfamide and the compound was sufficiently basic to form a stable hydro-
chloride. Fluorimonium salts prepared by the rearrangement of aikyldifluor-
amines? can also be considered as alkylidene derivatives of substituted fluor-

amines.

Simple‘salts of fluoramine. have ndw been prepared by the reaction of

V'alkyl N-fluorocarbamates with strong acids. The starting materials are syntne-

sized readily by the fluorination of alkyl carbamates.

Fluorammoniurw Bisulfate. Fluorimonium salts have been prepared and
cnaracterized in sulfuric acid. Under these conditions, the hydrolysis of N-
fluorocarbamates in sulfuric acid would be expected to give the fluorammonium
ion, which also should be stable. ) .

Whén a-solution of ethyl N-fluordcarbamate in concentrated sulfuric acid
was heated at &5 to 900 carbon dioxide and ethylene were evolved. The Fl9
nor. spectrum of the sulfuric acid solution consisted of a quartet at 36.8 ppm

‘relative to eszternal trifluoroacetic acid, with a coupllng constant of 38 cps.

Thus, the fluorine was coupled to three equlvalent hydrogens, and it is note~

“worthy that the hydrogens did not exchange-rapidly with the solvent. By con-

™

“trast, the P17 spectrum of an unheated solution of ethyl N-fluorocarbamate in

sul;arlc ac¢id consisted of a single’ broadened signal at 27.5 ppm; the NH pro-

tons of the starting. materlal thus exchanged with the solvent rapidly by the

nmr tlme scale.



H,S0, oo o
H_-0-C-NHF g—=——e C_H_-0-C-N-F HSO
Cts™] 275 g | h

i O hs0 O
i 150, + €O, + OH,=CH,
H

Additional evidence for the fluorammonium ion structure was obtained from re-
actions with carbonyl compounds. The reaction of cyclohexanone with a sulfuric acid
solution of fluorammonium bisulfate gave €-caprolactam, isolated by quenching the
mixture with ice. A probable intermediate was a-fluoraminocyclohexanol, which could
lose a fluoride ion and undergo nucleophic ring expansion. Alternatively, the de-
hydration of this alcohol could give fluoriminocyclohexane, which in turn, would
undergo a similar ring expansion. The Beckmann fragmentation of fluorimines has
been reported recently.ll :

®
OH

B O : 1/ +® 0
\ NEF NH - NH
\ .
|
{ N
N y

Gm -F @

When n-butyraldehyde was treated similarly with the fluorammonium bisulfate
solution, n-butyronitri'e was formed. A related reaction, carried out in the pres-
ence of base instead of acid is the synthesis of nitriles from aromatic aldehydes
and chloramine.l : -

v @
CH,CH,_CH,CHO ~—mie—em CH
5CH,CH, R0

O]

5CH2CH205N

Attempts to isolate pure fluorammonium bisulfate, by diluting the sulfuric
acid solution with organic solvents, were unsuccessful.

Fluorarponium Perchlorate. Perchloric acid, which is more volatile than sul-
furic acid, appeared to offer better possibilities for the isolation of a pure
fluorammonium salt. Accordingly, a solution of ethyl N-fluorocarbamate in T0% per-
chloric acid was heated until gas was evolved (680), and the excess perchloric acid
was then removed under vacuum. However, the product was contaminated by organic ma=-
terial of low volatility. Isopropyl N-fluorocarbamate reacted with 70% perchloric
acid at a lower temperature than the ethyl ester (35 to 40°), and gave a less con-
taminated, but still unsatisfactory product. Unexpectedly, fluorammonium perchlo-
rate was fourd to have appreciable vapor pressure, subliming slowly at 46°/.02 mm;
the sublimed salt was analytically pure.

v
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It is well-recognized that the maximum acid strength of a solution is limited
by the acidity of the conjugate acid of the solvent. For this reason, perchloric
acid is a stronger acid in acetic acid that in aqueous solution.l3? Perchloric acid
is soluble in chloroformt ; therefore,' this solvent, which has very low basicity,
should enhance the acidity. Indeed, isopropyl N-fluorocarbamate reacted more
rapidly with a 10% solution of anhydrous perchloric acid in chloroform, than with
the 70% commercial reagent. An additional advantage was that fluorammonium perchlo-
rate was insoluble in chloroform. Analytically pure product was isolated directly
in quantitative yield. The fate of the isopropyl group was not determined, but in-
asmuch as carbon dioxide free of propylene was liberated, it appears likely that iso-
propyl perchlorate was formed; if it was formed, it would remain in solution.15

CHC1
(CH ) CHOﬁNI{F + 2 HCth —m%— (CH ) cuoc1o + CO T FClol+

Fluorammonium perchlorate was a white solid which melted with decomposition at
104 to 105°. Differential thermal analysis showed a sharp exotherm at this tempera-
ture. The impact sensitivity was the same as that of RDX. The salt was hygroscopic
ané decomposed rapidly in the presence of atmospheric moisture. Although the synthe-
sis and isolation was carried out in glass equipment under an atmosphere of dry ni-
trogen, some etching of the glass was visible after several hours of contact with
the salt. However, samples have been stored at room temperature for several months,
without decomposition, in fluorocarbon or passivated-nickel containers.

Fluorammonium perchlorate was insoluble in hydrocarbons and halocarbons; it
was soluble in simple esters, nitriles, nitroalkanes, and in such ethers as mono-
glyme and tetrahydrofuran. It formed a 1:1 complex with dioxane. Concentrated
solutions (e.g., 30 to 50%) in any solvents were unstable, and in several instances,
fumed off shortly after they were prepared. Addition of chloroform to the ethyl
acetate solution precipitated unchanged fluorammonium perchlorate.

The fluorine nmr spectrum of fluorammonium perchlorate in sulfuric acid con-
sisted of a quartet (J = 44.1 cps) at 34.3 ppm from trifluoracetic agld (@ = 110.8),
while the proton spectrum showed a doublet (J = 4k cps) at 10.28 8.10 However, when
acetonitrile was used as the nmr solvent, the proton spectrum gave a broadened sing-
let at 10.7 5, while the fluorine spectrum gave a slightly unsymmetrical singlet at
122.4 ¢. In ethyl acetate, the proton signal was a sharp singlet at 11.5 8, and the
fluorine signal was a sharp singlet at 122.8 ¢ Thus, rapid hydrogen exchange” took
place in the organic solvents but not in sulfuric acid. If the mechanism of ex-
change were direct displacement of protons, a higher rate could be expected in sul-
furic acid than in the organic solvents. The more basic solvents apparently allow
dissociation of fluorammonium perchlorate, to a small extent, to fluoramine and per-
chloric acid. The high volatility of fluorammonium perchlorate, compared to that of
ammonlum perchlorate might also be the result of dissociation.

@

O_.
H,NF €10, == H,NF + HC1O,

Fluoramroniun Methanesulfonate - Fluorammonium methanesulfonate was synthe-
sizeé by heaiing ethyl N-fluorocarbamate and methanesulfonic acid at 900. The salt
was precipitated by the addition of ether. The melting point and dta exotherm were
essentially the same as those of the perchlorate, and of the perchlorate-dioxane
COmpiex; this temperature range appears to be the stability limit of the fluoram-
monium ion. '

(CH )ECHOﬁN}[F + CH,SO0,H ——= H3NF () CH,S0

B
373 5
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The infrared spectrum is described in the Experimental Sectioﬁ.

Methylfluorammonium Bisulfate - To determine whether substituted fluorammon-
ium salts could be prepared by these methods, the reaction of ethyl N-fluoro-N-
rethylcarbamate with. sulfuric acid was studied. Gas was evolved at 85 to 95°. The
719 nar spectrum of the sulfuric acid solution consisted of an incompletely resolved
triplet of quartets at -29.5 ppm (external trifluoroacetic acid reference), with
coupling constants of 42 cps to the NH2 and 28 cps to the methyl.

s HSO, | ©
FN-C0,CH

T F-NCH

©
3 1505

A sulfuric acid solution prepared in this manner reacted with cyclohexanone and
-~ water to give N-methylcaprolactam.

H_0
50,0 —2 =
O + CH,NH,F' HSO, N

These reactions are analogous to those of the unsubstituted fluorocarbamates
and indicate broad applicability of the synthesis methods.

- Acknowledgement. The authors wish to thank Dr. H. M. Nelson and Mr. L. A. Maucieri
for the nmr spectra, and Mr. K. Inouye for the elemental analysis.
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PREPARATION AND POLYMERIZATION OF NF ,~CONTAINING MONOMERS
Eugene L. Stogryn

Esso Research % Engineering Co., Linden, New Jersey

Polymeric compositions normally employed to hold the
oxidizer and fuel components of solid rocket propellant system do
not contribute to the energetics of the propellant. In advanced
solid propellants use of non-energetic binders is particularly

" deleterious to the attainment of high Isp. Preparation of binders
containing the energetic difluoramino group was studied. Intro-
duction of this group into polymer monomers was realized by the
free radical addition of N,F, to olefins. The difluoramino
oxiranes synthesized for this work were obtained by either of the
illustrated routes.

. o]
P 1. N,F 2 NFy - A
N . .57-§é6§§> qu\///k\\//<f3 ——

Attempts to difluoraminate vinyl oxiranes in which the vinyl function
is directly attached to the ring were unsuccessful. These systems
yield free radical induced rearrangements involving the olefinic and
the oxirane functions.

% + - NF, —3»  F NCH,-CH=CH-CH0 ' -

0

These rearrangements will be discussed. Difluoramination of 3-methylene
oxetane yielded a mixture of the expected product together with a di-
fluoramino aldehyde. Polymerization of the NF,-oxiranes and oxetane
will be described.
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KINETICS OF THE GAS PHASE PYROLYSIS OF CHLORINE PENTAFLUORIDEL
by A. E. Axworthy and J. M. Sullivan

Rocketdyne, A Division of North American Rockwell Corporation
6633 Canoga Avenue, Canoga Park, California 91304

The kinetics of the photochemical formation of chlorine pentafluoride from C1Fg and
F, has been studied recently by Krieger, Gatti, and Schumacker.2 We report herein
the results of our investigation of the gas phase thermal decomposition of C1F5.

EXPERIMENTAL

_The electrically-heated stirred flow reactor (91-ml, monel) employed is described
elsewhere, 3,4 Chlorine pentafluoride vapor of 98 weight percent purity (containing
about 1.3% HF and 0.7% C1F3) was passed through the reactor at an initial partial
pressure of 32 mm in a mixture with helium. The total pressure was 1 atm. The
reactor was equipped with a by-pass to allow measurement of the ClF5 concentration
in the entering gas stream.

The gases leaving the reactor (or the by-pass) were passed through a 10-cm nickel
infrared cell with AgCl windows. The ClFg concentration was followed by measuring
the absorbance at 12.5 microns. The flow rates were measured with a soap bubble
flow meter connected to the exit stream. The measured flow rates and reactor volume
were corrected to reactor temperature. No correction was made for the partial
dissolution of reactants and products in the'soap solution or for the presence of’
water vapor.

Infrared analysis of the exit gas showed ClF3 and ClF5 as the major absorbers, with
ClF present in-trace quantities. Fluorine does not absorb in this range (2—15
microns). These results indicate that the stoichiometry is mainly:
5

ClF5 — ClFg + Fg MH = + 18.5 kcal/mole (1)
RESULTS
The results obtained for the thermal decomposition of ClF5 over the temperature
range 252-307° are presented in Table 1. For a stirred flow reactor, the rate -
constants for a simple order, single-reactant reaction are given by the equation;

ky, = (P-P)/(PM) (2)

whefe P° and P are the partial pressures, respectively, of reactant entering and

1. This work was supported by the United States Air Force under Contract No
AFO4(611)-10544. . .

2, R. L. Krieger, R.  Gatti, and H. J. Schumacker, Z. Phys. Chem., 51, 240 (1966).

3. J. M. Sullivan and T. J. Houser, Chem. Ind. (London), 1057 (1965),

4. J. M. Sullivan and A. E. Axworthy, J. Phys. Chem., 70, 3366 (1966).

5. JANAF Thermochemical Tables, Quarterly Supplement No, 7.
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leaving the reactor, T,1is the averege residence time in the reactor, and n is the
order of the reaction.l‘ It can be showvn from eq 2 that for a first-order reaction,
& plot of cz/(l-a) vs T, where « is the fraction reacted, should be linear with a
slope equal to the rate constant. Figure 1 shows that the decomposition of ClFg
follows irst-order kxinetics up to 80% reaction at 293°. The data in Figure 1 were
cstained at temveratures of 291.5- 291* O and corrected to 293.0° using an activa-
tion energy of Ll kcal/mole. The rate consta.nt, %Xy, from each experiment is listed
in Table 1. The best first-order rate constant, k;", at each temperature, obtained
‘rom a plot of the type shown in Figure 1, is given in the last column of Teble 1
and plotted in the Arrhenius form in Figure 2. A least squares fit of the data to

the Arrhenius expression yields the line shown in Figure 2 which represents the rate

expression:

14.61

-1
Ky = 10

e>_<p(4u1,33o/m) sec (3)

“se uncertainty in activation energy is about 2 kcal/mole.

Tre mixing requirements for a stirred flow reector do not allow e convenient
procedure for varying widely the surface-to-volume ratio, but the high values of
the activation energy and preexponential factor suggest that the reaction is homo-
geneous in nature. Also, it was found that the rates were unchanged after the
reactor, containing products of reaction, had been allowed to sit at 280° for 1
onth.

DISCUSSICN
Three poséiblé_mechanisms mey be written which are compatible with the observed rate
expression, 1.e., first order in ClFg with no apparent inhibition as the products
accumulate:
A). Unimolecular Elimination of Fp

ClF5 — C1F3 + Fp ' (%)

B) Non Chain Radical Mechanism

CIFs — CLF), + F (5).
CIFj = ClF3 + F (7)
F+F+MIFo+M - ‘ (9)

C) Llong Chein Radical Mechanism

ClFg = ClF), + F . (%)
F + CIF5 = CIF), + Fp S (6)
CIF}, - ClF3 + F (1)
F + CIF), = C1F3 + Fp. (8)

The long chain mechanism (C) may be questioned on the bagis of the observed rate -
parameters A and E. Mechanism (C) requires that

(A5A6A7-§ and E = (E5+E6+ ’EB)

The A Tactors for the individ%al steps can be estima.ted from the generalizations
proposed by Benson aad Demore Thus, .

o. S. W. Zeason and ¥W. Z. Demore, Ann. Rev. Phys. Chem., 16,426 {1665).

-
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rhsAgAN T <10- 10 10" 7 -~ 10+%. This value is in good agreement with the.
A3 oo ST T .
ooserved value of lolh's ? =, are assuned equal to pHY E_7, where AHO is

the heat of reaction for 01:5 -+ CIF3 + 2F (pH° = 57 KCal/mole) end E_
%s tze activation energy for the reverse of reaction (7). Semenov-'s’ approxina ion7
; gfves Eq =2 5 XCal/mole and 6 ll_O KCal/mole. The- raazca;-rudical

reactions (-5) 2nd(8) are assumea Lo have zero actlvation energies. Therefore

Z = ${57.0 + 2.5 + 11.0-0)~ 35 KCal/mole. This value is somewhat lower then the -

csserved value of 40.3 XCal/mole and suggests that the long chain mechanism (C)
»robably is not important in the decomposition of ClFs.

cafortunetely the data do not allow a choice t0 be made between the molecular 5
c¢limination mechanisa (A) and the non chain mechanism (B). Thermochemical data

-8.85 18. .
10 10 for the reverse of reaction (&). Therefore,

give Keq =
Rl = 1058 exp(-22,800/RT) liter/mole sec. The A factor 105-8 liter/mole sec is
not unreasonable for a bimolecular reaction. Xence, the molecular elimination
reaction (A) cannot be eliminated.

If the non chain radical mechenism (B) is correct, then the measured activation
energy, 40.3 XCal/mole, is equal to the bond dissociation energy for the first C1l-F
toné in ClFc._ This value seems reasonable since the average bond energy in ClFs is

36 KCal/mole %, Further support for the non chain radical mechanism is given
by the generalization of Benson and Dellore » that the A factor ﬁf unimoleculir'
reactions involving the splitting off of atoms are in the range of 10™7 to 1015sec™

It now rexmains to discuss the recent nhotoéhemical investigation by Krieger et al.2
: They studied tne kinetics of the photochemical formation of ClF5 from
ClF3 and Fp (365 mu, 16-70°) and obteined the -complex rate expression:

T w tm =1
d(ClFE) =kxan”‘ (cary) +1+57
ar ST T ,

Their somewhat unusual mechanism involves the formation of an activated C1Fc molecule
waieh can (1) be collisionally éeactivated to ClFs, (2) react directly with C1F3 to’
form 2 C1F), radicals, or (3) split into C1F), + F. In order to explain their ocbserved
results (quantum yleld dependent on inert ges pressure and on C1lF3 pressure), all
+three of these processes must occur to an appreciable extent in each of their experi-
ments. .

Trnese photochémica results indicate that the ClFg ectlvated molecule decomposes
ool :e rapidly than classical theory would predict. Also, the thermal decomposition
C’“s should be pressure dependent and accelerated by the presence of the product

+“hermal and photochemical results can be shown to be compatible in two ways.

5%, it can ve calculated from the photochemical rate constants that the accel-
ing effect of C1lF,; wouid not be sufficient to appreciably affect the first-order
ot ‘shown in Fig. 1l.” Thermal experiments would have to be run with added ClP3 and

t various total pressures to determine if the decomposition is dependent on the
TSome Proolems in Cnemical Kinetics and Reactivity, Volume I
ress, Princeton, New Jersey, 1958, P 29.

7, N. . Scmenov, -
Princeton University Pr
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concentration of C1F, and added inert gases.
3

I7 4t twrms oul that the thermal decomposition rate is unalfected by added C1F3
and inert geses, it could be ergued that the activated complex in the photo-
reaction differs in average energy from the thermally-formed activated

The fluorine atoms formed in the photochemical decomposition of Fp must

PR

‘n consicerable translational energy since there are no accessible electronic

ates. 20 2 portion of this translationel erergy Is converted to internal energy
the C1Fs complex (F + C1¥) — C1lFc*), tre stebiliiy of the complex would be
Ireetly reduced. For example, an additional 10 Xlel/mole of activation energy
wou;s iecrease tbe precicted half-life of the complex from about 10°“ to about
207V sec, and zight also account for its reactivity toward ClF3.

chenmical
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Table 1. Experimental Kinetic Data for the Pyrélyais of Gaseous

Chlorine Pentafluoride

Fraction
Reacted

Temp, °¢ . 77 sec a k), sec" K, eec™
. 252.2 ) 2b.9 . 0.068 0.00292 0.00260
L 252,2 113.0 . 0.254 0.00300 :

252.2 281.5 0.375 0.00213

252.2 . bhg.0 0.525 0.002k6

268.5 196.8 0.612 - 0.00803 0.00803

279.4 36.2 - 0.381 0.0170 0.0164

279.b "115.3 0.646 0.0158 C
283.2 23.6 0.371. © 0.025 0.0251

283.0 B3 . C0.MTT 0.0252

207.4 2b.h - 0.b65 0.0357 0.0385

2&-‘2 'lO.b 0.625 OIObla

2087.L h2.b 0.629 0.0398

287.6 - 55.0 © 0.T16 . 0.0l459

291.8 11.9 . 0.312 0.0380 0.0417
- 291.5 ob,1 0.h99 , 0.0813 :

293.0 11.6 ‘ 0.312 0.0391

293,0 14.6 0.364 0.039%

293.3 32.“ 0.5‘,0 : 0.0'003

293.0 8.4 0.62h 0.0432

293.5 bL.7 0.658 0.0u62

293.0 62.8 0.749 0.0476 : .

29h,0 _ 81.3 0.790. 0.0u6h

307.5 T.96 0.433 0.0959 0.113

306.8 9.76 0.529 0.115

307.0 11.93 0.595 0.123

7.5

12.9 0.583 0.109

U

“

Fa N
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Redox in the ClZO—Ast System

C. J. Scheck and D. Pilipovich

Rocketdyne, a D1v151on of North Amerlcan Rockwell Cornoratlon
Canoga Park, Cpleorn1a 91304

chhlorlre oxide (or chlor1ne monox1de) hes been reported to form a
coaplex with AsF5 at =78° and at aao;t -50° formed an odd molecule,
ClOAsFS, *hrough elimination of Clz. Inference of the structure as being

the” “OSuulnth odd ‘molecule wss drawn from the observed reection stoichi-
ometry arnd the fact that-the postulated odd molecule reacted with NO2 to

- eive ClNOz.

: We were interested in studying various aspects of the proposed odd
molecule particularly &s a resdy source of *he Cl0 radicel. However, we
felt that, prior to utilizine ClOAqFS as an intermediate, 2 more complete
characterization was in order,

Exgerimental
Mzterizls. Chlorine monoxide was n"eparpd from Cl, and yellow HgO
uslng a modlfled orocedure.2 Arsenic pentafluoride was purchased from

Oza“k—quon1ng and used without purification after gas chromatogréphy
ndicated a “ur1t¥ of better than §9.5/5. Chloryl fluoride was prepared

from KC104 and F,” and purified by frectional condensation. Nitrogen

tetroxiie was purchzsed from the Matneson Co. and purified by fractional ~

condensation. Phosphorus dichloride trifluoride was formed4 from PPz and Cl,.

Apparatus, Experiments were conducted in two vacuum systems, oné
constructed of glass, the other of stainless stieel-Teflon. Solids were
handled in an inert etrzosthere zlove box. Infrared spectrz were teken on
a Perkin-Zlmer 127 Infracord using S5-cm zas cells fitted with AegCl windows

" or dalocarhen it mntls between AgCl plates. Debye~Scherrer powder X-ray

diffraction patterns were obt=ined with 2 5. E, XRDS5 instrument using
CuK & radiation.

Vapc“ ohasp c*rometography of reactants and products wos cerried out,
on 2 column pacxed with 50% w/w of Hrlocaroon €il 4-11V =znd Kel F low

density molding powder fccording to Dayan and Neale.®

(1) ¥. Schmeisser, W. Fink and K. 3randle, Angew. Chem. €9, 780 (1957)

{2) €. J. Schack end C. B. Lindahl, Inorg. and Nucl. Chem. Letters,

3, 387 (1967).
(%) A. Engelbrecht, Angew. Chem., 66, 442 (1954).

(4) R. R. Holmes and W. P, Gallagher,_inbrg, 6heﬁ,; 2, 433 (1963),
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Reactions of C1,0 and AsF5. Measured guantities of C1,0 (117 cc,
5.22 mmoleé) and AsF 4(85.0 ce, 3.79 mmoles) were seperately condensed
into the reactor (glass or Teflon tubes) at -195°, The temperature wes
changed to -78° and it wes observed that the mixed reactants gradually
developed a dark red color. Pumping on the mixture after & few hours at
-78° resulted in the recovery of some of the starting materials and much
Cl,. Subsequent werning of the reaction to ambient temperature gave addi-
tionel small amounts of gaseous materials end a white solid., Little or no
-196° non-condensable gases were observed throughout the reaction, In all,
111 cc of volatile products were obtained. Infrared and gas chromatographic
analysis indicated these products to be a mixture of AsF. (17.5 ce, 0.78 mmole)
and 012 (93.5 cc, 4.17 mmoles) with a trace of €10, and no Cl1,0. The
observed reactant-product ratio of Cl O:AsF5:01 was 5,00:2.89:4.01, Similar
reaction ratios were obtained when C1_0 was used, as the excess reagent. The
solid product showed <wo infrared bangs 1280 czn"1 (m, doublet) and 690 to
700 cm=1 (s. broad). Based on the observed stoichismetry of the reaction
and the known infrered frequencies of C1-0® and AsF compounds, it appeared
"the solid might be principally ClOzAsF6. Accordingly, en euthentic sample
was prepared.

Preparantion of ClQ0-,AsFg. Chloryl fluoride (111 cc, 4.96 rroles) and

AsFg (63.7 cc, 2.84 mmoles) were seperately condensed intc a Teflon ampoule
at -196°9, After 1 nour at room tempersture, the unreacted gases vere
removed and measured (48.0 cc, 2.14 mmoles). An infrared spectrum showed
only FCIOZ. The white solid product had an infrered spectrum identical to
that of the solid from the C1,0-AsF. reaction. In addition, both solids

" fumed in air and exploded on contact with water. Powder X-ray patterns of
both sclids were obtazined and were identical. The observed spacings and
relative intensities are given in Table 1,

Reaction of ClO.AsF6 and NOQ. Weighed amcunts of Cl0.AsF, and excess
NO, gas were reacted for 1 hour &t 0°. The exvected displacement8 of 0102

was achieved but in poor yield; 20% for the solid from the 0120 reaction
and 35% for the £2lid from the F‘ClO2 reaction.

(5) V. H. Dayen =nd 3. C. Neszle, Advances in Cheristry Series, No. 54,
Anerican Cherical Society, Washington, D. C., 1966, p. 223.

(6) E. A. Robinson, Can. J. Chem., 41, 3021 (1363).

( R. Peacock and D. Sharp, J. Chem. Soc,, 2766 (1959).

(8) M. 3chmeisser and W. Fink, Angew. Chem., 69, 780 (1957),
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TABLE 1
X-RAY POWDER DIFFRACTION DATA FOR 0102A8F6

° Relative 0 Relative

d, A Intensity d, A Intensity
7.50 30 2.30 10
5.55 30 2.08 60
5.10 30 2.05 60
4,40 70 1.95 40
4.02 40 1.87 10
3.65 100 1.84 10
3.57 90 1.80 10
2.249 10 1,76 10
3.0% 50 1,70 20
2,87 £10 1.59 15
2,76 £10 1.5 10
2.69 <10 1.53 10
2,54 <10

Reaction of PF3glﬂ and CIQO. A 1:1 mixture of PF;Cl., and Cl?O was
allowed to vwarm to roonm temnerature at which point an infrared spectrum was
taken, Tre only infrared absorbing material present was POF,. None of
the PF C1 a strong infrared absorber, remained. The by-prfHduct Cl
was reveeged by i*s color when frozen. No non-voletile solids were
observed.

Results and Dlscuss1on

i

The reaction of C1,0 with AsF_ coes rot give the odd molecule ClOAsF5
but gives instead the sf£lt Cl10,AsF’. Further, the reaction.appears to
follow the stoichiometry shown”in eguation 1:

5C1,0 + 3AsF, ——> 2C10,AsF, + 4C1, + AsOF, (1)

The resction stoichiometry does not appear to be dependent on the experi-
mentel reactant ratios. The formation of ClO_AsF_. was confirmed by preparing
an asuthentic samyule and compering their X-ray pattferns.

FC10, + AsF; ——> C10,AsF, (2)

In the reaction of C1,0 with AsF_, the evclution of Cl apparently involves
a much more complex process than”z simple C1-0 bond rupture. The equat1on
reported1 for this process =t -50° is shown in equation 3:

C1 O'AsF‘5 —_— Cl0AsF; + 1/2 C1, ()

We would prefer to propose an initial step that 1nfers an ionization of

C120, i.e., an ionic comnlex is obtesined, perhaps cio* A9F501 :

C1,0 + AsF; ———> ClOAsF;Cl (4)

The oxidation of the Cl10* species could then proceed with additional 0120:

€1,0 + CiOAstcl —> ClO,AsFC1 + Cl, (5)
Tris step (pcuatlon 4) should not be considered unusual inasmuch as other
chlorine oxides are capable of redox (ecge, C10, gives some Cl 06 on
photolysis?).
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The =ost difficult rrtionale is *he formation of the AsF,  in the reaction.
Admittedly a multiplicity of diverse resction sequences cCould be rroposed
rost of which would be difficult to exprerimentally verify. One vossible
path offerad involves the dissociétion of ClO2AsFSCI into its components
with the subseguent reactions noted:

C10,AsF,C1 ——> FC10, + AsF,Cl (6)
PASF,C1 ———> AsF,Cl, + AsFg (1)
AsF, + FC10, ——> Cl0,AsF, : (8)
AeF5Cl, + C1,0 ——> AsF,0 + 2C1, (9)

It is rerdily seen tnat the sum of enquations 4 through 9, suitably weighted,
gives eauazion 1,

The identity of AsOF, wrs not estsblished as a product since it is a
non-volatile X-rav”amorchous solid. In addition. we did pot wish to
further complicate mrtters by studying the renction of AsF.Cl, with C1,0 =s
a test of 3q¥ition 8 inasmuch as AsF,Cl_ "goes ionic" 2nd is %ormulateg as

AsClA+AsFF . We did feel, however, that a suitable test of eguation 8
would be *he reaction of PF.C1, and C1,0. Indeed, the rarid conversion of
PFBCl? to HCF3 and Cl, as if eque:ion_?o; :

. C ; ® 1

[ PR,Cl, + €1,0 —>  POF, + 2C1, (10)
stronely sugrests that "covelent" AF,Cl_ would react similarly. The
reaction conditions rre such that %hé réorgenization of AsF Cl, postulated
ag an interrediate in esusztion 6, would give initially the cdovalent structure.

The initial reczort on the preparstions of "ClCAsF_." did offer the
renciion of NO? -3 » proof of the redical present*:

C1OAsF + 20, > 10,asF + C1KO, (11)

Tre evistence o{zﬁOZAs“ hasg rlready been questioned seriously and appar-
ently disoroved ©. Fur%her, the formation of sone ClNOz should be expected
“i%eeT  wrg NO, ineasmuch as the reacticn of C10, and NO, gives

R B R £ . 1 s . ﬁ . 1
Clii0, 7. It is quite likely that the reaction observed by Schmeisser et .

rd
fror

(9) 1. d. Schumachef, eni G. 3tiezer, Z. Physik, Chem., 37, 363 (1920).
{16) K. Dehnicke and J. Wiedlein, Z, Anorz. allg. chem,, 342, 225 (1966).

(11) H. M. Dess, «. W. Parry, and G. L. Videll, J. Am. Chem. Soc., I8,
5730 (1956). .

('2) S. I. Korrow and A. R. Yourg, Inorg. end Nucl. Chem. Letiers, 2,
. 349 (1966),

(12) d. Fertin rrnd Th. Jncodsen, Angzew. Chem., 67, 524 (1955).
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was the initiel displacement of ClO, from Cl0O A3F6 by NO, followed by a
reection of C10, with N02, the overall reaction being:
1

C10,AsF¢ + 2M0, ~—> NO,AsF¢ + CLNO, + 1/2 0, (12)
Except for the formation of the oxygen, the reaction in equation 12 has
the same stoichiometry of NOp to "solid" as that reported in equation 11.
Thus, the proof of "ClOAst“ through its reactions or its synthesis is
not ccnclusive,




90.

DENSITY, VISCOSITY AND SURFACE TENSION OF OafOFz
" Charles Hersh

IIT Research Institute, Chicago, Illinois
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FREEZING POINT DEPRESSION IN LF‘Z SYSTEMS
By W. D. English, W. A. Cannon and W. E. Crane

Astropower Laboratory, McDonnell Douglas Corporation
Newport Beach, California

INTRODUCTION

In some test programs at Douglas using liquid fluorine and liquid hydrogen,
we found it was desirable to lower the freezing point of fluorine without appreciably
affecting its chemical reactivity. The use of a eutectic mixture with another cryo-
genic oxidizer seemed the method of choice, and consideration of physical and chemi-
cal properties led us to select oxygen d1f1uor1de, OF,, for the other component.
‘Oxygen was also suggested, but was not used because of reports of the quenching
effect oxygen has on the fluorine-hydrogen reaction (Reference 1), an effect we also
found in our research on the ignition of the LF 'LHZ reaction in LHp (Reference 2)
and which has also been reported in the OFZ—I-FZ reaction (Reference 3). LO; was
therefore dropped from further consideration.

Theoretical calculations of the freezing point depression in the F,- OF, sys-
tem were carried out. These suggested that experimental investigation was warranted.

THEORETICAL _

The equilibrium or phase diagram of a two-component solid-liquid systemn may
assume several general forms according to the nature of the components (Reference
4); these forms may be classified as follows:

1. Eutectic Systems

a, Simple eutectic

b. Monotectic (special form of simple eutectic)

c. Compound formation with congruent melting point
d. Compound formation with incongruent melting point

2. Completely Miscible Solid Solutions

a. Continuous solid solution
b. Minimum melting solid solution : i
c. Maximum melting solid solution )

3. Partially Miscible Solid Solutions

a. Peritectic solid solution
b. Eutectic solid solution 0

In order for nonpolar compounds to form solid solutions, the following condi-
tions must generally be satisfied:

1. Analogous chemical constitutions
2. Similar crystal structures
3. Nearly equal molecular volumes

While little is known of the crystal structures of F, and OF,, it is certain that
conditions 1 and 3 are not satisfied, and it is unlikely that solid solutions will form.
Furthermore, there is no known tendency toward compound formation between OF
and F,, Thus simple eutectic or monotect1c systems are probable -~ and the latter

- are rarely encountered
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If it is assumed that the system would be a simple eutectic, with the solution
of each component in the other obeying Raoult's Law, and the liquidus curves con-
forming to equations for ideal solutions, the following considerations will apply:

From the Clausius-Clapeyron equation it can be shown that for equilibrium
between solid solvent and vapor, at constant pressure,

dznPS L
dT 2

For an equilibrium between liquid and vapor, the corresponding equation is

- dznPL Le

dT RTZ

If it is assumed that the equations hold for supercooled solution in contact with solid,
then

L) s e f

dzn(PS/P

dT RTZ RTZ

At the freezing point of the solution, the vapor pressure of the solid solvent must
equal that of the solution, hence

dln(Pl/PL) i} Lf
dT ) RTZ
Since Pl/P = X1 {mole fraction of solvent in solution) if Raoult's Law is applicable,
then
ﬂanI ) Lf
daT RTZ %

_If this is integrated between T and To {where X. = 1)
x, - =L (L. 4
1 ° R T To

where T is the freezing point of the solution at solvent concentration X;. This
assumes that L; is independent of temperature, which is not strictly true, but this
approximation was used, since the normal variation of L¢ with temperature would in-
crease the freezing point depression in contrast to the real nonideality of the solu-
tions, which tends to decrease the depression.

Using the last equation, the freezing point, T, was calculated for various
concentrations of F, in OF, and OF, in F,. A value of 122 cal/mole was used for
the heat of fusion onF (Reference’ 6 No value for the heat of fusion of OF, could
be found in the 11terature so it was estimated that the entropy of fusion was 6. 5,
_which implies a heat fusion of 320 cal/mole. This value was used for the calculatmns
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involved for constructing the phase, dlagram . A minimum freezmg temperature of
39°K at an FZ mole fraction of 0. 65 resulted

‘Solid fluorine is reported to undergo a transition at 45. 55°K with a heat of
transition of 173.9 cal/molé (Reference 5). Inasmuch as the solid fluorine can exist
in two forms above the predicted eutectic temperature, the equilibrium diagram be-
comes more complicated. The theoretical phase diagram was recalculated using a
value of 122 cal/mole as the heat of fusion of fluorine until the transition temperature
was reached, after which the liquidus curve was assumed to undergo a change in
slope correspondmg to the heat of fusion plus the heat of transition. This curve was
continued to meet the OF,-rich liquidus curve 1ead1ng to a theoret1ca1 minimum
freezing point of 40°K at 0. 54 mole fractlon FZ

-APPARATUS

A Pyrex apparatus was designed and built for this experiment. It is illustrated
in Figures 1 and 2. It consists of a central volume for the test chamber, fitted with
inlet tubing, a solenoid operated stirrer, and a thermowell. The central tube is sur-
rounded by several annuli arranged concentrically in the following order -- an annulus
in.which the pressure can be controlled to control heat transfer rates, an annulus for
liquid helium to-c¢ool the fluids in test, an evacuated annulus, an annulus for liquid
nitrogen (heat shield) and another evacuated annulus. ' The evacuated annu11 were
511vered except for strips for observation of the interior.

Liquid helium is supplied to the coolmg bath from 25 hter transport Dewars
connected to the apparatus by insulated lines. "Liquid nitrogen was poured into the
heat shield when needed.

Temperatures were measured with a copper-constantan thermocouple inserted
in the thermowell with an external reference junction at liquid nitrogen temperature.
Thermoelectric potentials were measured with a Grey type E-3067 potentiometer
and temperatures estimated from the tables and data of Powell, Bunch, and Corruc-
cini (Reference 6). The thermocouple calibration was checked against boiling liquid
nitrogen and hydrogen as fixed points. At 50°K the thermoelectric emf for copper-
constantan is about 12. 1 microvolts per degree. With a sensitivity of 5 microvolts
or better for the potentiometer, the sensitivity of temperature reading is about 0. 4°.

MATERIALS ' ' -

The oxidizers tested were obtained in the gaseous state from commercial
suppliers. Fluorine supplied by Air Products and Chemicals was passed over an
NaF absorption scrubber to reduce the HF content to 0. 02 vol %. Oxygen difluoride
supplied by Allied Chem1ca1 Division of General Chemical was also treated with NaF
to remove HF. .

PROCEDURE

The quantities of fluorine and oxygen difluoride were measured by volume in
the liquid state; .weights were calculated from reported (References 7 and 8) densi-
ties. A glass ampul of calibrated volume was attached to the oxidizer supply mani-
fold. The system was_ evacuated, the measuring apparatus and the ampul were
chilled with LN, to 77°K, -the test apparatus was valved off, and'the oxidizer supply
was valved open. When siifficient oxidizer had condensed in the ampul, the supply
was shut off, the line to the test unit was valved open, and the LN, was removed
from around the ampul, caudsing the oxidizer to distill into the test apparatus. When
distillation was complete, the ampul was valved off,
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After condensation of oxidizer was compléte, the solenoid stirrer was acti-
vated, liquid helium was supplied to the cooling bath, and the pressure in the heat-
transfer annulus adjusted to attain a cooling rate of about 1°K/minute. The emf of
the thermocouple was continuously monitored, and the value recorded at 30 second
intervals. The appearance of the oxidizer was observed visually during the experi-
ment.

" The experiments were conducted with FZ’ with OF,, and with several mix-
tures of F') and OF,. The recorded thermocouple potentials were converted to tem-
peratures from which cooling curve graphs (temperature vs. time) were plotted for
each solution concentration. Figure 3 is a typical example. Temperatures at which
breaks in the curves occurred were identified, and these were plotted on a tempera-
ture vs. concentration graph to provide a typical phase diagram (Figure 4). . The
data used for plotting the phase diagram are tabulated in Table I

RESULTS AND DISCUSSION

It was determined that, within the accuracy of the experiments,, the binary
system F,-OF, exhibited typical eutectic formation with a probable break in the fluo-
rine-rich iquiéus curve due to a solid phase transition at 45 T 0. 5°K. The accuracy
of the temperature measurements was * 0. 50K. When the temperature-composition
curves were plotted and extrapolated to their intersection (the eutectic), the error
in composition was * 2 mole %. This variation is indicated on the graphs by the bars
through the experimental points. The errors in quantities of components used are
believed to be considerably less than these. The eutectic temperature is estimated
to be 43 t 0. 5°K and .the eutectic composition 0.59 ¥ 0. 02 mole fraction fluorine.

‘ TABLE I

OBSERVED FREEZING POINTS -- OF,,-__FZ MIXTURES

Initial Transition Eutectic
Mole % F.P. . Temp. F. P.
FZ . oK oK oK

1 100. 0 53.0 - -

2 80. ¢C 48, 3 45, 0 43,5

3. 69. 5 - 45, 0 42. 4 .

4. 46. 0 45, 6 - 43,3

5 28. 0 47..8 - 43, 4

6 o} 49, 2 : - -
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GLOSSARY ‘ SUBSCRIPTS

P = vapor pressure s = solid state or solid-gas transition
L = latent heat L = liquid state or liquid-gas transition
R = gas constant e = evaporation
T o tempeérature, °K f = fusion

1 = solution

[e] =

-freezing point of pure solvent
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. REACTIONS OF OXYGEN TETRAFLUOROBORATE
C. T. Goetschel, V. A. Campanile, C, D, Wagner, and J. N. Wilson

Shell Development Company, Emeryville, California

Introduction

Recently we developed an efficient method of preparlng Faoz This
compound is known to react with boron trifluoride 1} to produce 0,*BF,~. Little
is known of the reaction of 0,"BF,” itself. It is relatively stable at room
temperature, but reacts readily with organic compounds. For instance, tiny
particles dropped into benzene or 1sopropy1 alcohol instantly ignite fires.

The only known inorganic reaction®) is with NO» where oxygen is displaced g1v1ng
NOo* BF, . This paper describes some additional reactions of 0p'BF4~ with
inorgenic as well as some organic compounds.

Results and Discussion

A. Inorganic Reactants

1, Xenon

Since xenon has nearly the same ionization potential as 0, and since
Xe' should be smaller than Op*, we felt that possibly xenon would replace oxygen
to glve the novel Xe'BF,~. When liquid xenon (165°K) and solid O,*BF,~
(xe/02* BF,~ = 15) were mixed in an evacusted tube, oxygen was released. The
reaction was accomplished by allowing the xenon alternately to vaporize and
condense around the 0;*BF,~. After several minutes the sample was cooled in
liquid nitrogen and eny non-condensable gases were expanded into a fixed volume.
The mass spectrum of tie expanded gases showed only oxygen. The oxygen was
pumped off; the reaction tube was warmed enough to liquefy the xenon and the
procedure was repeated. This was continued until no further oxygen was obtained
(about 85% of theory). Then the xenon was vaporized at 173°K (any BF3 would
. also vaporize at this temperature) and expanded into a fixed volume. The loss
of xenon (the amount reacted) was the same as the amount of oxygen collected.
The mass spectrum indicated essentially no BFs was in the expanded xenon.
Q
After removing all the xenon, the remaining white solid was slowly
varmed. Decomposition became appreciable at 253°K with complete decomposition
at room temperature.. The mass spec¢trum of the gases showed Xe, BF3, and Fp
with a Xe:BFa ratio of 1; we believe this to be evidence for the existence of
Xe*BF4~. Some 0, was observed as well. The oxygen could have come fram the
decomposition of some unreacted 02+BF4', or possibly from a xenon-oxygen compound
of low stability. It is a firm conclusion that xenon reacts with Op*BF4~ at
temperatures as low as 165°K to give free oxygen and a xenon compound.

2, Chlorine Dioxide -

Chlorine dioxide was prepared by dropbing sulfuric acid onto a mixture
of KC105; and glass chips. The ClOy generated was then diluted in a stream of

COz end passed first through e drying tube (Po0s), then through s sample of

ot
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Oa+BF4' which was supported on a glass frit and cooled to 195°K. An immediate
reaction occurred; releesing oxygen. Within minutes the reaction was completed.

* The product, a light-yellow solid, was unstable at room temperature. The mass

spectrum of its decomposition products showed only m/q peaks for fragment ions
from Cl0p, BF3 end Fa. The product C10,*BF,” hes previously been reported?)

from the reaction of chloryl fluoride with boron trifluoride.

,é' Chlorine, Chlorine Trifluoride, and Ammonia

In hopes of preparing the novel Cl,*BF,~, ClFa*BF,”, and NHa'BF4™,
we passed the corresponding gases through OgiBF4—. In each case oxygen was
displaced. However, the products were not stable at the reaction temperature
(223°K to 195°K).

4. Cyanogen

At 248°K, 0-*BF4~ dissolved in liquid cyanogen to give a clear,
colorless solution. However, no oxygen was displaced and Op*BF,~ was recovered
af ter removel of the cyanogen.

B. Organic Reactants

Although benzene and isopropyl alcohol spontaneously inflame when a
milligram of O,*BF,~ is added, we felt that reactions with other specific
orgenic compounds (in particular perhslogenated materials) could be studied
under carefully controlled conditions.

Indeed, when liquid CCl; was condensed around O,'BF4~ at 250°K, a
smooth reaction occured to liberate 0z, Clp, and BFs, forming CFCls and CFoCls.
In a like manner, 0o*BF,~ reacted with CFoCl; et 233°K to form CFsCl, essen-
tially quentitatively. No CF4 was detected. Hexafluorobenzene elso reacted
with 0"BF4~ st 298°K to give 0Oz, Fp, BFa, and fluorinated hydrocarbons with
the following prominent ions in the mass spectrum: CFa‘t, CoFet, CoFst, and
CaFst. Some oxygen was converted to COr and COFp. It was also found that
methane and ethane will inflame at 195°K. However, there was no reaction
between perfluorocyclobutane and Ox*BF4~.

Of the compounds that vere found to react readily with n,*BF,~, both
methane and C1Fs; have higher ionization potentials than that of 0y (12,2 ev).
Cyanogen, with both unsaturetion and a higher ionization potential, did not ,
react. In the case of compounds with ionization potentials below or equal to
that of Oz, a reasonable mechenism for reaction is electron transfer to liberate
Op and form a new ion which may or may not react further,

It should be noted that no CFq was formed from the reaction of 02+BF4‘
with CC1lpF», whereas CClpF> was & product from the reaction with CCly. This
would be expected if the primery products from the unstable CClpFo*BF,~ and
CCl,*BF4~ were CClF3 and 0013Fé respectively. The former product has a higher
ionization potential (12.9 ev)3)4) than O, and is less 1likely to react with
02*BF,~. Therefore no CF, was observed. On the other hand, CClsF has a favor-
able ionization potential, and further reaction with O-*BF4~is possible, giving
CClaF2. ’ o o
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PREPARATION OF FLUORINE PEROXIDES AND DIOXYGEN TETRAFLUCROBORATE
BY LO\V TEMPERATURE RADIOLYSIS

C. T. Goetschel, V. A. Campanile, C. D. Vagner, and J. N. Wilson

Shell Development Compeny, Emeryville, California

Introduction

More than three decedes have elapsed since it was shown that oxygen
and fluorine could be combined by passage through an electrical discharge.
The product, condensed on a very cold surface, was dioxygen difluoride, 02F2.1)
More recently, higher oxides of fluorine have been similarly prepared; these
have been claimed to be OsFp,2) 0,Fz,2) OgFz and OgF2.%) The existence of 04F
appears to be well established; however, there has been some controversy con-~
cerning the existence of OgFp as a molecular species.S)

Although 0zF, and O4F> are stable only at very low temperatures,
considerable evidence has been acquired concerning their physical®-1°) and
chemicall?~2®) properties. Yith all these studies the method of preparation
of the oxygen fluorides has remained the same. No work has been reported on-
the radiation-induced reaction of oxygen and fluorine in a condensed phase,

The present study describes the reaction of these materials in the
liquid phase at T7T°K. "Reactions were induced by high intensity 3 Mev
bremsstrahlung. .

- Procedure

Except for certain cases, ca 1.0 ml samples (28 mmoles) were irredi-:
ated in vacuo in stainless steel or sapphire vessels at T7°K for 1-2 hr at dose
rates up to 100 megarads/hr of 3 Mev bremsstrahlung. The high-intensity 3 Mev
bremsstrahlung was generated by directing the 3 Mev, 1 ma unscanned electron
beam from a Van de Graaff accelerator onto a water-cooled gold target.1?) -~
Following the irradiation the reaction vessel was attached to a vacuum line
with provisions for expanding into a predetermined volume, measuring the pres-
sure and analyzing with a mass spectrometer.l®) With this equipment the total
volume and composition of gases from decompositions of products could be
measured.

Ir experiments vhere BF3 was added to the irradiated sample, the BFj
was condensed in the top of the irrediated sample tube. The dewar of liquid
nitrogen surrounding the tube was then slouly lowered to distill the BFgz to
the bottom of the tube. Ry this method any material deposited on the walls of
the reaction vessél could react with the BF3. The excess oxygen and fluorine
were removed at 77°K; the sample tube was warmed to 195°K and the unreacted BFa
was pumped off.

Results and Discussion

The initial mixtures of Fp and Op had a yellow color; after irradia-
tion a reddish-brown.solid was observed on the walls of the sapphire tube.
The sclid is presumed to be a mixture of F»0, and Fp0, with possibly other
oxides of fluorine. In esch of the experiments described below (Table 1),
excess Fp and Cp were removed at T7°K, first by evaporation into the calibrated
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volume end then by pumping to a few microns pressure; this treatment would also
remove F>0., The sample was then warmed cautiously to deccmpose the Fo04 to
Fo0p; the 0z released was measured gasometrically. This operation was carried
ocut most successfully by removing the liquid nitrogen bath until a small in-
crease in pressure vas observed, replacing the liquid nitrogen, and repeating
the process until the Fo0z could be melted (113°K) without further oxygen
evolution. The oxygen thus evolved was mass spectrometrically free of Fo
(however, this was not a very sensitive test because the mass spectrometer
inlet system was somewhat reactive with small quantities of fluorine). The
btlocd-red liquid Fz0p was then frozen at 77°K (orange solid) and the residusl
0p was pumped away. Subsequent remelting at 113°K resulted in no further re-
lease of Oz. The sample was then warmed slowly to room temperature to deccmpose
the.Fz0-, and measure the Fp + Oz.

This procedure was occa51onally unsuccessful in cases with the initial

mole ratio Fp/0- of 1.0 or 3.0, because a minor explosion ("pop") would be heard
during the decomposition of F204, accompanied by a sudden rise in pressure.

The gasometric data indicated that in these cases some of the F,0p was decom-
posed during the sudden decomposition of Fo04. Because of this, the apparent
yields of FpC4 and Fo0p reported in Table 1 are taken only from experiments in
which there was no audible evidence of explosion. Nevertheless, the reported
yields of Fp04 may be slightly too high in some cases because of some decomposi-
tion of Fz0, during the decomposition of Fo04.

The data reported in Table 1 show several unusual features. First,
in the mixtures containing only F» and Oz, the number of millimoles of oxygen
converted to Fo0p arnd Fp04 remain nearly constant despite a large variation in
the initiel ratio of Fp to 0z, even when the major part of the oxygen was
consumed. The G-value for products also remained constant at a value that is
several-fol higher than the values that are usually found for non-chain
reactions.?/ These observations suggest that the formation of Fa0p under these
conditions involves a short chein process that is initiated with approximately
equal efficiency whetber the initial absorption of energy is done by oxygen or
by fluorine.

Another observation is that the ratio of F»04 to F20z in the products
displays no obvious trend with the initial ratio of Fp/0p. The possible chain

F. ._2_> FOp _OL> FO,* _02._> FOg -
{F. L Fp ) LFz 1 F2
F2 ) E202 + Fe F204‘ + F- F20g + F-

would not lead to these results in a hcmogeneous system, but the kinetics are
probably complicated by the fact that the products precipitate as solids.

The experiments in which the reactants were diluted with argon show
that the presence of argon had & small positive effect on the total conversion
of oxygen, whereas dilution with ritrogen does not appear to effect the yield.
Some energy transfer from argon seems irdicated,

8) G for ion pair formation is expected to be about &; for radicals it often
ranges from 6-10.
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One experiment was done with a large excess of oxygen (F»/0> = 1/6).
The unreacted Fp and Op (21.6 mmoles out of an initial 28) were removed and
the reaction tube evacuated to < 5 pw. The color of the solid remaining in the
sapphire tubée was very dark brown. Whén the liquid nitrogen bath was momen-
tarily removed and the semple was illuminated briefly with a flashlight, the
product detonated violently and shattered the sapphire tube. Whether the.
detonation vas due to the presence of a large amount of Fo04 Or to F20g.is not
known. It 1s unlikely that the detonation was due to Oz since its vapor pres-

_sure 1s well above 5 4 at 77°K and should have been pumped off. The very
" unstable Fu0g (dark brown in color) has been reported to explode on illumination

or sudden warming. It is claimed to decompose thermally about 90°K.

“In the experiments listed in Table 1, some Fz0 was‘formed in. addition
to F202 and Fp04; the amount was relatively small and was not studied
systematicdlly. The presence of Fz0 was detected by mass spectrcmetric analysis.

Experiments With Added BFa

It has been shown by otherslS) that BFs reacts with F20z at low temp-
eratures to form the ionic compound Ox*BF,~. ‘e therefore added BFs to
irradiated mixtures of 0Oz and F5 in order to explore the radiation route to
02*BF,~ and possibly to O,*RF,~.

Boron trifluoride (3.5 mmoles) was condensed in the top of the

“irradiation tube containing the formed fluorine peroxides (ca 1.7-2.0 millimoles)

suspended in the excess fluorine and oxygen. The BF3 was distilled to the
bottom of the tube and the contents mixed by alternately vaporizing and condens-
ing a portion of the excess fluorine and oxygen. In this manner the BFz was
better eble to contact the reddish-brovn peroxide. The excess fluorine and
oxygen were then removed under vacuum at 77°K.. When the contents were warmed

to 113°K, a rapid reaction occurred, and the color changed to orange. This
suggests that much of the Fy0,; decomposed without reacting with BFs. The orange_
color changed to vhite when the tem erature was raised to 143°K; this corresponds
to the conversion of the Fs0> to 027BF,~. Further warming to 2h0°K led to slight
deccmposition; the remaining solid was relatively stable, decomposing only very
slowly at room terperature and atmospheric pressure. The decomposition is much
more rapid under reduced pressure, indicating a reversible step with a gaseous
product in the deccmposition. The yield was measured by recovering the solid

in a dry box and weighing it.

The gases evolved upon warming to 240°K consisted of Op, F», and BFs.
Irradiation of various fluorine-oxygen mixtures followed by addition of BFa
gave gases for this low-temperature decomposition in the ratio of (0 + Fz)/BFs
of 1.9 t£.35. There is a systematic tendency for this ratio to be higher when
the total volume of gas liberated is low. These flndlngs correspond to
decomposition of an oxygen-rich compound, probably 04¥BF4~, with simultaneous
1nduced decomposition of some of the Op*BF,~. (Evidence for the formation of
04*BF,~ from Fa0,; has also been obtained in an independent investigation by
Soloman and his colleagues. )19)

The more stable product (presumed to be O,'BF,”) decomposed repidly
above 300°K to give Qp, Fo, and BFa The elemental analysis of the solid was
F, 6. g. B, 8.6%; theory, F, 63.7%; B, 9.2%). The infrared spectrum of the
pO\der etveen 51lver chloride plates exhibits the characteristic absorption
frequencies®®) of the BF4~ ion. No absorption band attributable to 05" was
observed, but this ion should heve no dipole moment.
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The x-ray powder pattern (Table 2) is very similar to that of the
likely isomorphous NO*BF4 compournd . {The nitrosyl and dloxygenyl cations are
similar in size.)®) A comparable correlationl*) was found for NO*AsFg~ and
0,tAsSFg™ .

The EPR spectrum of the solid at 77°K was & broad signal with a G-value
of 1.9% and a peak-to-peak separation in the derivative mode of about 382 gauss.
Kirshenbsum end Grosse®2) found similar results in HF solution. Soloman,
et al*5)2%) reported similar results for the solid,

The yields of Op*BF;~ recovered from verious experiments are listed
in Table 3. Comparison of the yields after 1 hr irradiation time in the experi- )
ments listed in Tables 1 and 3 indicates that a little less than two moles of I
Fo0» are required to produce one mole of 0p*BF,~. Either some decomposition of
Fo0p occurred during the process of warming to the temperature of reaction with
BFa, or the formation of 02+BF4' is gccompanied by a side reaction that
decomposes part of the Fp0s. It will also be noted that in the single experi-~
ment with a large excess of oxygen present during irradiation (F,/0. = 1/6),
the excess F, and Oz were successfully removed without detonation after BFa was
added. The yield of Op BF4 was relatively small, but there was evidence for
the formation of larger amounts of a less stable compound. One other observa-~
tion of interest is that when BFs is present during the irradiation, the yield
of 0o*BF4” finelly recovered is relatively small.
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Q, Table 1. YIELDS MF Fa0p AND F204 FROM ‘TRRADIATION®) OF FLUORINE/OXYGEN MIXTURES
- BY—T —
| o oton | 10, | contmen (0ol
X Fof0, | Fz | Oz | Ar | Nz | Fo0p [ F204 2Vs/t2%2 - ypole | %
; 1 14,0 1&10{ - |- Tl1.50 '0.13' 0.087 + 6.02 [1.72 {12.3 | 17.5
5 |21.04 7.0/ - 1 - |1.72)0.085}0.05 +0.02 |1.89 |27.0 | 18.5
5 22,8 | 4.6] - | -:|1.93]0.105]0.055 ¢ 0,02 |{2.1% L6.6 | 21.2
H‘ - 7 24,51 3.5 - | - 1.86 | 0.14 | 0.075 + 0.015] 2.14 |[€l.2 | 20.6
1 {10.5 {10.5} - 7.@ (@) lna. 1.26 l12.0 | 135
' 1 10.5 [10.5( 7.0] - " | (a) |n.d. ) 1.75 [16.5 | 171.1
1. l10.5 |10.5{ 7.01 - }1.650.07 |o0.0b2 + 0.02 |1.79 [17.1 | 17.6
. 3 15.7 | 5.3| 7.0] - |1.62:(0.1% |0.09 £ 0.02 [1.90 |35.9] 18.2
) 5 17.5{ 3.5{ 7.0} - |1.62|0.1050.065 ¢ 0.02 |1.85 [s52.3| 17.3
7 1184} 2.6/ 7.0l -~ 11.6210.09 {0.055 *0.02 |1.79 |68.9 | 16.8
“a) T7°K, 100 megarads, 1 hr. -
k by Yield data accurate to ca t 0.03 mmole. .
: ¢) Molécules of product formed per 100 ev absorbed energy.
d) Amount of Fz0a not reliably determined because of a slight
r detongtion OnAwqrming tpg syspem to decomposg F204-
0 Table 2. DIFFRACTION PATTERNS OF NO*BF,~ AND Op*BF,~
| " ; .
x} NOTBFs- 5 0o ¥BFa—
Interplanar Intensity Interplanar. Intensity -
Spacing of . Spacing of : hkl
A Reflection A Reflection
5.50 2k 5.5 16 110
* 'S | ko 4.33 3) 101
\ 3.96 8 3.91 5 11
5.76 12 3.74 9 120
\“ 3.51 100 3,47 100 021
3.25 . 12 3.27 16 " 210
) 3.13 80 3.10 88 121
2.82 | 6C 2.82 5 °11
) , 2.75 | 12 2.7h 12 220
) : 2.52 ko 2.by S 112
{ a.ko 3 2.k> 7 131
y 2.59 . 8 2.35 7 022
) 2.26 | 60 2.2h4 63 - 122
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_ Table 3. PREPARATION OF 0x*BRg %)

i S 02*BF4~ ¢m 0x*BFy” _
i | mued | wik, | e | S0
15 1:1 27 1.6 8.9
30 1:1 53 3 8.8
€0 1:1 96 6 7.9
60 2:1 129 - 12 11.0

60 3:1 134 16 0.6
60 5:1 127 2k 10.5
60 7:1 113 27 8.8
60 1:6 1ud) 1.5 .1
60¢) 1:1 L5 2.7 14.9
120 - 3:1 216 26 8.6
180 1:1 231 14 6.3
180 5:1 248 47 6.9
1207 3:1 21 2.6 0.2

a) 14 mmoles of BFs was added after irradiation.

b) Dose rate of 100 megarads/hour.

e)

d)

f)

g)

Millimoles of oxygen used with F5:0p ratios was:

1:1 = 14 mmoles; 2:1 = 8.75 mmoles; 3:1 = 7.0 mmoles;
5:1 = k.4 mmoles; 7:1 = 3.5 mmoles; 1:6 = 21.9 mmoles.

A second compound was formed which decomposed at 133°K
yielding about 3 mmoles of noncondensable gases.
Dose rate of 25 megarads/bour.

10.5 mmoles of BF5; added to the reaction tube before

irrediation.
Molecules of product formed per 100 ev absorbed energy.
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REVIEW OF ADVANCED INORGANIC OXIDIZERS

Edward W. Lawless and Robert J. Rowatt

Midwest Research Institute, Kansas City, Missouri

I. Introduction

In this paper the properties and chemistry of advanced inorganic oxidizers
will be reviewed with emphasis on recent developments. The classes of compounds
will be limited to the cxygen fluorides, the nitrogen fluorides; the nitrogen fluo-
ride oxides, the halogen fluorides and the halogen fluoride oxides. In general, all
©f the compounds described here are highly reactive, toxic materials, and very vola-
tile except for ionic derivatives. The growth of chemistry involving O-F, N-F and
C1-F comwounds has been remarkable: from about nil in 1946 to over 1000 today.

IT. Oxvgen Fluorides and Derivatives

The reported oxygen fluorides, their derivatives and some of their prop-
erties are sumarized in Table I. Oxygen difluoride is the only binary compound of
this type which is stable at room temperature, but OoF» is stable below about -80°C
and is well characterized. A reasonably good understanding has been gained recently
of the avpparent eguilibrium system O4Fp — 20oF.

The existence of OzFp as a separate entity is in doubt, and the natures of
the reported "OsFp" and "OgFo'" are quite uncertain. Oxygen difluoride is commer-
cially available, while the others are prepared by electrical discharge at low tem-
rveratures from appropriate Oo-Fo mixtures.

The structures of OF2 and OpFp have been determined and are compared in
Figure 1 with those of reiated compounds. The abnormally long O-F distance and the
greatly shortened 0-O bond in OpFp have led Linett to formulate its structure as
raving an essentially four-electron 0-O bond (as in Op itself, 1.21 X bona length)
and a one-electron O-F bond (resonating between the two positions). Dioxygen di-
fltoride can, therefore, readily dissociate at the O-F bond to give F atoms and the
" stable OgF radical: ‘

0oFp ——> OF- + F-

and 1s an extremely energetic fluorihating agent. At low temperatures it is more
reactive than fluorine itself and far more reactive than OF;. The latter compound
begins to decompose near 200°C and many of its reactions require activation by heat
or light. The OpF. radical can be generated by ultraviolet radiation of liquid OFp,
of OFy-0p, F2-02 or Fyp-N,0 mixtures in a matrix, at 4°K, by the decomposition of
O4F2_or FSOEOOF, and in the reactiqn of CF4 with 02. The OF radical has never been
detected in the gas or liquid phase despite an intensive search.

The reactions of the oxygen fluorides are usually simple fluorinations,
but oxygen addition by OF, can'occur especially in aqueous solution or in reactions
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Compound

oF-
OF2

OcFo

”05F2 "

oo,
OgFo

CE30F

Eo(ar);

CF5C(0)OF

SF50F
11020F
C1050F
FS020F
CF300F

CoFgO00F

FSO,00F

TABLE I

Properties
Decomp.
MP, °C BB, °C Temp.

OXYGEN FLUORIDES AND DERIVATIVES

19 mra/

Observed in No or Ar matrix at 4°R --

-223.8
-163.5
-191
-189 to 190
“<-196

<-213
<-215

~-144.8 ~ 200

-57 dec. -78

-80 ext -183

-60 dec. <-158

-62.5 -

21 --
-21.5

-35 -
-45.9 --

-15.9 --

-31.3 Co--
-50 (est) --
-15 (est) -

0 -

-249 1lig.
-248 g

-159 tr, +84.2 tr

-189

~226
-244.9, -36.2

+69.2 db, -29L.5 qt

+84.1 db of tr

- (CF3)

+97.4 db of qt
(CFy)

-291.6 tr of qt

Infraredg/
1028
1740, 929, 909, 880,
826, 461
1024, 628, 463

1519, 588 (O4Fo)
1494, 484 (OoF-.)

1282, 1259, 1223,
1217, 945, 880, 679
1300, 1270, 1150,
950 qt

935, 888, 614, 585
1760, 1300, 920, 810, 708
1298, 1049, 666

1290, 1175, 955, 755, 725
1380, 1285, 1235, 1175,
740 '

2/ 1SF chemical shift (ppm vs. CFClz=0) for fluorine of -OF group.
t/ Positions (cm™1) for O-F stretching fundamental.
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07 ) 103-4 o\j 104.5 A 0{ )10 X = C1, CHy
NF : . Ho Y :
¢irole moment = 2.2-0.3 D
1.58 R\p . T : X
0 b, BEVA A
: 0 | Ty 0 ' ] 0 1 4_1 5 R
5 . : C | b .
1oglge ] 1-22 B 1015971 1.49 R o1ose X = SFs, CHs
; o ! . o i o |
" S ! N L7 .
/'F,"\ : 'H,,l\ IX/_L\ h
;’it__);Tu v iR : TN
87.5° 106°

dipole momeht =1.44 D

Figure 1 - Comparison of Structures of OF,, OoFp and Related Compounds

P ——— NFo*| —> F- + NF
< 260 m 2]
AsFz  RpC= CRQ 502
. N2F4
TipFz ' FgC—CRp  SFgNFp = HNFj FSOoNFp NoFp
NFp 1Fp

Figure 2 - Examples of Reaction Types for NoFy

|
q
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with some nitrogen, chlorine, or sulfur-containing materials. Dioxygen difluoride
(or the OpF radical) undergoes the fluoride. abstraction reaction with strong Lewis
acids at low temperatures to give stable dioxygenyl salts. Oxygen difluoride under-
goes a similar reaction at elevated temperatures.

-140°
OpFp + BFy —————> OpBFy + 1/2Fp

20Fp + SbFs —20% , 0pSbFg + Fp

Although considerable doubt now exists about the existence of trioxygen trifluoride,
the trifluoromethyl derivative CFz000CFz is known as well as the peroxide CFzO00CFz.
The authors are not aware of reports of the simple ether (CFz)s0, although the sul-

[fide (CFz)sS is stable at 400°C.

ITII.  Nitrogen Fluorides and Derivatives

The reported nitrogen fluorides, their derivatives and some of their
propertics =2re summarized in Table II.

‘The NF molecule is known only as a reactive intermediate which dimerizes
readily to NoFg. It has been observed by flash photolysis of the NFo radical in an
argon metrix at 4°K and by pyrolysis of NpF4 -at high dilution in argon at 2550°K.

The NFo radical 1s well established to exist in equilibrium with NoF4 in
anzlogy to the Np04-1105 equilibrium

NoFy  ——> ©2lFp

The structure of NFo (N-F = 1.36 Z; LFNF = 103°) is closely related to that of NFz.
The IFo radical has fundamental stretching frequencles at 1074 and 935 em™1l in the
infrered. In the ultraviolet, NFp absorbs at 260 mp to give an excited radical,
IFp*, wahich decomposes to NF and F-, but may undergo unique reactions. The reac-
tions of liFo are discussed in the section on NoFy. -

Nitrogen trifluoride is commercially available and its properties are
+¢11 Yrown. It has an ammonia-like structure with N-F = 1.37 R anda ¢(FWF = 103°
Only 57 kcal/mol are required’to dissociate a F- atom from NFz, but an average of
71 keal/mol are required for- each of the remaining two N-F bonds of the stable NFp
rodiezl. I©'F3 is relatively unreactive at mild temperatures, but functlons as a
fluorirating azgent at elqv"ated temperature. The most interesting reaction of NF3z
tc be reported recently is that with fluorine and Lewis acids to give stable salts

of the HF4+ ion.

elect. disc. + -
HFS + FE + ASF5 _800 NF4 ASFG
R 300° + -
IFz + Fy + SbFGv 3000 psi NF4 SbFg

Difluorodiazine is now well established to exist in the cis and trans
icomeric formc and the pronerties and structures of each are known.
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TABLE II

HITROGEN FLUORIDES AND DERIVATIVES

Comnound MP, °C BP, °C 9% 1R IR
IFp -- -- -- 1070, 931
iFs -208.5 -129 -142 _ 1031, 1010, 907, 642
ioFz (cis) -195 -105.7 -129 1524db, 952tr, 896db, 737tr

(trans) -172 -111.4 -88 989 (1996m, 1581m, 1434m)
TpF -18% .8 -73 -58 1010, 998, 959, 946
IsF -154 -82 -- --
IFO -132.5 .. -59.9 -479 1844, 766, 521
POz -166 -72.5 -393 1793, 1312, 822, 742, 570
IF0 -160 -85 . -363 1687, 887, 743, 528
IFLI0 -- dec. -65 --
HFz -116 t 3 <23.6 6 3193w, 1428db, 1280db, 978db
CLFz -1853 -67 -141 920tr, 853db, 694tr
CliF -19 to O -- --
(ezt.)
iRt -103 ' 1050
iePnt : . =142 (db.) 1521, 1304, 1128, 924, 518,
-192 - 497

iFLT -214.7 (tr.) 1163, 611
iF-07 -331 1857, 1162, 905

Otrer derivatives include compounds of the types: MUFo (M = SF5-, SFg0-, CF3SFy-,
F30g-, F3020-, CFzS-); R(NFp)y (R = Ry, alkyl, anthracene, etec.; X = 1-4);
R-C(=1F)-R'; and R-N(O)=IF.
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"The M-F bond is lengthened over that in NF3 and the N=N bond is shortened compared

to that (1.24 R) in N5(CHz ). The N-F and N=N bond energies of the trans form is
68 and 108 kcal/mol, respectively. The trans NoFp 1s conveniently prepared by re-
action of NpFy at low pressure with AlClz at -80°. The trans form is converted to

" the cis form in over 90% yield at 75° in a well-passivated stainless steel cylinder.

The NoFs is.obtzined nearly quantitatively by the decomposition at 20° of the com-
nlex KF~HWF2 formed at -80°C. Difluorodiazine has also been offered commercially.

“The cis NoFp is more reactive chemically than trans NoFp, but both can act as fluo-

rirating agents. 'The so-called N=N double bond is unusually inert‘and does not
undcergo addition reactions. Detonations, especially with the cis isomer, have oc-
curred uvon apvlication of high pressure. The fluorination of NoFp to NpF4 has

anparertly not been reported. cis-NoFp undergoes the fluoride abstraction with

Lewis nelds to give a stable salt of-the N2F+ ion
NpFp + AsFg ——> NoF AsFg~
The trans isomerxalso'gives this reactidn with SbFg.

Tetrafluorohydrazine has the struéture in‘the gas phase on the left below

’ (g and'l isomers) but the symmetrical isomer on the right has also been observed in
t .

he liguid .2t low -temperature.

u-F 1.39 & F . - F F

E-M 1.53 R '

L FNF  104° P F F F .
v A

L MNP 102°
dihedral angle 69°
19r MR -65.2, -53.2, 0.4 ¢ B

-44.0, -31.9 ¢
(in NF5 at -155°)

" The zbnormally long N-N bond (compared to 1.45 K_in N2H4) has a low dissociation

ercrey (20 kcal/mol) and NoF4 exists in equilibrium with stable NF; radicals.
Tetraflucrohydrazine has been available commercially since 1960 and its reactions
nave been studied intensively. It énters into at least five types of reactions: ‘
(1) normel iFF, radical reactions including addition to olefins or a second radical,

“ard abstraction reactions; -(2) excited NFp reactions resulting from photolysis at

an

about 260 my; (3) fluorination (oxidation) reactions; (4) reduction reactions;

- (5)- fluoride abstraction reaction. Examples of each are illustrated in Figure 2.

. Trifluoramine oxide, NFz0, was reported in 1965. It can be prepared by
clectric discharge at.71969 in mixtures df,NF3 and Op or OFp, by the flame fluori-
vation of li0 with fast quench, or more conveniently at 25° by the fluorination of
1i0-with Fo photochemically or with certain metal hexafluorides such as IrFg. The
KFz0 has 2 tetrahedral structure in which the N-F and N-— O bonds are slightly
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weaker than those in NFOp. The NF30 has good thermal and hydrolytic stability, but
undergoes the fluoride abstraction reaction with strong Lewis acids, to give salts
such as NF20+A5F6', and adds to perfluorcolefins (under EFs catalysis) to give stable
RyONFo compounds. It apparently reacts slowly with NO to give NOF.

Difluoramine has an ammonia-like structure with the following parameters:
N-H, 1.03-1.08; N-F, 1.38; FNF, 103°, HNF, 102°; dipole moment, 1.93 D. It is
best prepared from difluorourea (which is obtained by aqueous fluorination of urea)
by treatment with HpSOs at 90° or by the reaction of NoF4 with CgHsSH at 50°. The
HNFo> is stable and can be stored, but the usual procedure is to generate it as
needed and pass it-directly into a reaction vessel, since it has a tendency to ex-
plode when frozen. The reactions of HNFp are usually complex, but it undergoes
three general types of reactions as follows: oxidation, for example with agueous
Fe*3 solution to give NoF4 (perhaps the NFE ion is involved); reduction, as in the
reaction with aqueous HI to give NH4F and HF; complex formation with ethers, Lewis
acids, and metal fluorides.

' Chlorodiflucramine C1NFp is well known, CloNF and BrNFp are known as un-
stable compounds, and the other halogen fluoramines appear to be very unstable.
The C1NFp (or Brl¥fp) can be prepared by the reaction of agueous NaOCl (or NaOBr)
with N,N-difluoroureas or N,N-difluorosulfuryl amide. The CLoNF is prepared by the
reaction of CLF with ClNz at 25°C or with NaNz at 0°. The C1NFo is stable but dis-
sociates readily to give Cl atoms and NFs radicals (which defines the reaction
chemistry) while CloNF is explosively unstable in the liquid state.

) A few remaining N-F compounds such as NFoNO and NzF are of limited inter-
est, but a number of inorganic compounds and a host of organic compounds have been
prepared in recent years in which NF2 groups may be regarded as substituents, e.g.,
SFgNFp, C(NFp)s, C(NF)(NFp),, CFzONFp and CFzN(0)=NF.

A summary of the interconversions of the nitrogen fluorides is found in
Figure 3.

Chlorine Fluorides and Related Compounds

. The halogen fluorides of prime interest as propellant oxidizers have been
C1Fz, C1Fg, ClOzF and BrFg, but a number of other halogen fluorides have been studied.
Properties of halogen fluorides are summarized in Table III.

Chlorine monofluoride appears to have considerable ionic character as re- .

flected in the 1%F NMR chemical shift of ¢ +441 ppm (vs. CFClB) The Cl-F bond 7
distance is 1.63 K the dipole moment, 0.88 D, the tond dissociation energy, 60.4 ;
kcal/mol, and the heat of formation, -13.5 kcal/mol. The C1F is an energetic fluo-
rinating agent. ‘It reacts with fluorides such as CsF or NOF to give Cs Cle and !
NO+ClF2 , respectively, and has been reported to react with the Lewis acld AsFg to
give Cl AsFG but substantiating evidence is lacking. The high volatility of ClF
(b.p. -100°c) suggests that 1ittle or no association or self-ionization (to Cit and g
ClF>~ ions or to ClgF_}and ClF,~ ions) exists, but the electrical conductivity is
" higher than that of ClFSJ Chlorine monofluoride is prepared by reaction of ClFz and

Clo. : '
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&)
R
20
G 2o (W )5C0
NaClO (pH 6) or
v AlCl Feﬂ?(’p 'HQC)) : iFg/HQO
2
NoFp €«———2- NoF, > HNFp ———> NFoCONHp
. ) ~60 Fe*2, 1,50, .
A LAst A [ASFS
N,F AsFj theFeT 2 NO
oF AsFg NoFz AsFg ——> N0, NOp v NalNOz
CoF
‘ t{/fg///// &f;\\\\\\\is ¢//f;
A
Np0 NF50 NOF NOoF
lASFS lASFS lASFS

NP0 AsFg

NOAsFg~  NOo'AsFg

Figure 3 - Interconversion of Nitrogen Fluorides
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TABLE IIT

PROPERTIES OF HALOGEN FLUORIDES AND DERIVATIVES

Compound MP, °C BP, °C MR IR
C1F -154 t 5 -100.8 440 793, 785
ClFz -76.3 : 11.75 -14(a), -123(e) - 761, 746, 713, 694
Cl1Fsg -103 t 4 -14 -412(a), -247(e) 786, 732, 541, 486
BrFz 8.8 127 39 674, 613, 384, 300
BrFg . -60.5 40.8 -132(e) 683, 644, 587, 369
IFg 8.5 97.0 -53(a), -4(e) 710, 640, 318 ¢
IF, 4.82 © 4 (1 atm.) -177 (-168) 670, 547, 426, 368,
‘ 250
C10oF above -115 -6 -329 (330) 1270, 1259, 1104 (par)
632, 548 '

ClosF  ~  -148 -46.8 -287 1315-1300, 725, 717,

: 714, 590
IF50 4.5 -- -- --

a Triple point 6.4.

Chlorine trifluoride is usually described as having a T-shape, but is bet-
ter regarded as a trigonal bipyramid derivative. The two apical Cl-F bonds are
elongated (1.70 &) compared to the equatorial C1-F bond (1.60 &). The bond angles
are 87.5° and 175°. The 19F NMR of gaseous .ClF3 shows the apical fluorines to be
further downfield (-145.6 $) than the equatorial fluorine -19.7 §. In liquid ClF3
(with HF carefully removed) the resonances are -159.0 and -21.8 $. The high dipole
moment determined with the liquid (1.00-1.03 D) compared to that in the gas (~ 0.6 D)
suggests. comsidersble interaction and the relatively low volatility (b.p. 12°) con-
firms this, but the electrical conductivity shows that this interaction is essen-
tially not in the form of self-ionization to ClF2+ and C1F,  ions. Evidence for
some dimerization in the gas has been suggested. However stable salts of both of
these ions are known, e.g., ClF2+SbF6' and Cs+ClF4'. Chlorine trifluoride is com-
mercially available in quantity, being prepared by fluorination of chlorine. It is
.an extremely vigorous fluorinating agent, but can in turn be fluorinated to ClFg
under pressure. Moisture converts ClFz to C1OoF and ClOp. s

Chlorine pentafluoride is the newest member of the halogen fluoride family
‘and has very recently become available commercially in laboratory quantities. It is
prepared by the high pressure fluorination of ClFz or a salt such as CsClF, at 150°
or above. It has also been prepared by the fluorination of ClFs under ultraviolet
radiation or electric discharge at low temperatures and by platinum hexafluoride.
The structure of ClFg5, a square pyramid, is an octahedral derivative with the apical
C1-F bond length of 1.62 R and the equatorial bonds 1.72 R. The 19F chemical shifts
are -412 ¢ (apical fluorine) and -247 @ (basal fluorines). The former is one of the
most unshielded fluorine atoms known, being exceeded only by those in Fp, OgF2, and
NOF. The dipole moment is probably 0.2-0.4 D. The boiling point indicates very
“little interaction exists in the liquid and self-ionization is not expected. The
ClF4+ ion is an intense peak in the mass spectrum and the possibility of obtaining
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stapble salvs such as ClF4+SbF6' appears reasonably good. The addition of fluoride
ion to ClFg to give ClFg~ does not eppear likely {although BrFg~ salts have been re-
ported) zince the chlorine atom would be pseudo-heptacoordinate and this type of
coordinaiion is without precedence in elements of the. second row of the Pericodic
Tatle.

The structureu of ClF3, ClFS, and ClO3F ‘have been determlned and are
shown telov.

F o F F
. I/ F"-S'L]"/?..F : cr|‘~\;-o
F—Cle. . ACV L X
. ‘ N S : o i '.0
F N ..' . .

The commercially available higher halogen flﬁorides-ére BrFz, BrFg and IFg,
with IF; availeble on special order. Bromine trifluoride is structurally and chemi-
v2lly very similar to ClFz except that self-ionization is extensive in liquid BrFz:

2BrFy ———= BrF," + BrF,”

Bromine trifluoride hos therefore an exceptionally high boiling point (126°) and
clceetriczl conductivity. It is an excellent solvent for many ionic materials.
Stable szlis of both the BrFp and BrF4- ions are known, but in some instances with
Bng+ the complexes may be fluorine bridged rather than truly ionic. Bromine penta-
fluoride and iodine pentafluoride are also structurally similar to ClFg. Self-
ionizatior. occurs to an appreciable extent in IF5, but far less in BrFs.

oTFy = 1" + IFg
) ' ' - +
Stable salts have been reported for BrF4+ and BrFg as well as for IFg .

nrd IFB_, but structural studies are incomplete. Unlike BrFg or ClFg, IF5 undergoes
fluorine exchange with HF. - The BrFz and BrFs are quite energetic fluorinating

. ererts. While IFg is a considerably milder fluorinating agent, it inflames or forms

cimlozive mirtures with many organics. It can be dissolved in excess of such sol-
ulfolane, but forms. crystalline complexes with certain oxygenated solvents

O
-~
el
b
Q

. Iodire heptefluoride is formed by the reaction of IFs with Fo at about
73°, The dissociztion of IF; to IFs and Fo sets in at higher temperatures, ~300°,
ard A{iw~soc iz 28.5 Pcul/mol. The structure of IF; in the gas phase is the pentag-
g ~ramid, but the structure in the solid is still uncertain. The 19F NMR of
1¢ o singlet (Z = -336 pom) suggestiong intramolecular exchange. (The spec-
trunm of tre liaquid is a doublet at lower temperatures, a singlet at higher tempera-
turcs because of juadrapole effects.) The symmetrical structure of IF; gives it an
cxtremely stort (~2°) lijuid range (sublimes, 4.77°; triple point, 6.45°)., The
rcacticr, of IF7 as e Tluorine ting agent are much more vigorous than those of IFg.

With ctrorng fluoride acceptors IF,; forms salts such as IF6 AsFg™ . No reaction to
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form such salts as Cs+IF8' have been repor%ed, but the fluorine exchange which occurs
between HF -and IF; in-the gas phase may involve a HIFg or a IFgHF, intermediate.

The halogen fluoride oxides of major. interest dre C10oF and Cl0zF, but
BrOeF; ICoF and IFs0 have been characterized. Only perchloryl fluoride, CIOgF,~i§
commercially available. Chloryl fluoride, ClOpF, is readily prepared by allowing
C1Fs or ClF5 to stand with excess of a chlorate or chlorite salt in a Monel cylinder:

25° ‘ '
2C1Fs + 3NaClOz ___§__9 3C10oF + 3NaF + Clp + 1.502

C1F5 + 30aCl0p —22—> 2C10oF + 3NaF + Clp + O

(The Op and Clo are removed at -80°.) The ClOpF is also formed by the reaction of
ClFz or ClF; with traces of moisture, but’ is in turn readily hydrolyzed with addi-
tional water. The ClOpF is isoelectronic with PFz and SF,0 and should have approxi-
mately the same structure, i.e., a tetrahedral arrangement with an -electron pair at
one apex. The 197 NMR shows the fluorine atom far downfield, ¢ = -332 ppm. This
structure makes Cl0oF an extremely reactive oxidizer. It is in turn fluorinated

nly with difficulty to ClF5. The ClOQF undergoes the fluoride abstraction reactlon
to vlfe statle salts such as ClOg AsFg~, but efforts to form such salts as Cs ClF202
have not beer successful. Pyrolysis of ClO0oF at 300° .and 0.5 atm. pressure gives
ClF and Oo apparently via an intermediate C1FO species.

Perchloryl fluoride has a closed tetrahedral structure with the approxi-
mate varemeters: C1-F, 1.55-1.60 K; Cl—0, 1.40 K dipole moment 0.023 D. The
19F MR shows the fluorine at ¢ = -287 ppm. The structure of ClOzF gives it con-
siderable. hlnetlcallJ derived stability and it is relatively unreactive at mild tem-
peratures, e.g., it does no:t hydrolyze, or react with sodium. Above 150° ClOzF is a
potent oxidizer for most organics and.attacks many metals in the presende of mois-
ture. Attempts to react C1lOzF with fluoride acceptors such as AsFg have not led to
stable salts, but the AlClz-catalyzed reaction of C1l0zF with aromatics (to give
ArCl105 compounds) likely involves an intermediate C10z' ion. No reaction between
CsF and C10zF has been effected and 0103F is’ quite resistant to fluorination. With
Iifl;, ClOzF 1s converted to NH4 NHC10z , from which metal salts such as KNHC1Oz ahd
¥pHCl03 can be prepared. All of these salts are shock sensitive. Perchloryl fluo-
ride is generally quite soluble without reaction with other oxidizers and has a
small (0.5-5 g/liter) solubility in organic solvents and water.

Bromyl fluoride BrOQF (formed by the reaction KBrOz or BrOp and BrFg at
-50°) is thermodynamically unstable and has been studied very little. Of the re-
ported iodine fluoride oxides, only IF5O appears to be unequivocally established as
a molecular entity. It is readily formed by reaction of IF; with traces of moisture
or with glass and has a relatively low reactivity becausé of the nearly octahedral
structure. The remaining iodine fluoride oxides, IFz0, IOQF'and IOzF are all white
crystalline solids and may not be molecular entities. The "IFz0" and "IOpF" can be
vrepared by reactirg IoOg respectively with IFs and Fp. The pyrolysis of IFz0 gives
IOoF and IFg and the observed reversibility of this reaction suggested the ionic
structure IO, IFG- for IF30 The IOoF- may exist in & bridged form or possibly in
the ionic form, IOQ IF202 , since stable salts of both of these ions are formed.
" The I0zF (formed by fluorlnatlon of periodic acid in HF) is reported to undergo
hydrolysis slowly and thus may in-fact be structurally analogous to ClOszF.

N
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DETONABILITY TESTING AT NONAMBIENT
TEMPERATURES AND PRESSURES

A. B. Amster, J. Neff, D. B. Moore, and R. W. McLeod

Stanford Research Institute, Menlo Park, California
ABSTRACT

The generally adopted method for measuring the susceptibility of
sensitive liquids to shock is described by the Chemical Propellant
Information Agency in the.publication "Liquid Propellant Test Methods."!
Therecommended test is limited to use under ambient conditions of tem-
perature and pressure and relies only upon the damage to a witness plate
as the criterion for detonability. This report discusses modifications
to the test procedure which rgtain samgle size and geometry but permit
studies over the ranges of 77 K to 373’ K at 1 atm to 10 atm. This
broader applicability reduces the value of witness plates--always
somewhat dubious. Therefore two other methods have been evaluated, both
of which measure detonation velocity: one is electronic, and the other
utilizes an explosive witness. The revised test satisfies the require-

ments for an extended range sensitivity test for use with high energy
liquids. :

I. INTRODUCTION \

High energy liquids are often exposed to conditions, such as ex-
tremes of temperature and pressure, which may change their susceptibility
to shock initiation. Moreover, many high energy materials are condensed
only under such extreme conditions. There exists a need for a detona-
tion sensitivity test applicable to these situations. This report de-
scribes equipment and outlines procedures to adapt the current JANAF
test® for use under the following conditions:

77°K < T < 373°K
1 atm.< P <10 atm

The two methods used measure detonation velocity, in contrast to
the JANAF method which-utilizes only damage to a witness plate to deter-
mine whether detonation occurred. The first (and gerhaps the simpler)
technique is an adaptation of D'Autriche's method. In this method,
shown schematically in Fig. 1, the detonation velocity of the unknown
sample in the test cup is compared with that of an explosive sheet of
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known detonation velocity on the witness plate. The tetryl booster
initiates the mild detonating fuze (MDF) which in turn initiates the
explosive sheet at the "'start’ position. This detonation propagates
farther 'along each finger of the explosive sheet. The other end of
each finger of the explosive sheet is initiated via the detonation
probes by the strong wave traveling through the test cup. The detonation
waves that collide within the fingers of the sheet explosive create
dents in the witness plate that are deeper than those left by a
unidirectional wave. The result of a typical shot is shown in Fig. 2.
From the position of the dents and the properties of the system, the
wave velocity within the sample can be calculated (see Appendix A).
Although a strong wave from the tetryl booster traveling through the
liquid or the cup may initiate the probes, detonation is detected by
a ‘constant velocity.

The second method utilizes a resistance wire in the detonation cup
and a constant current power supply to provide a continuous detonation
velocity record on an oscilloscope. This method is considerably more
precise. It requires a modest amount of electronic equipment and con-
siderable skill .on the part of the user. The equipment and operating
procedures are adequately described elsewhere for solid explosives;
modifications for adaptation to liquid testing under the conditions
described above are included in this report.

Details of either method will vary with the properties (e.g., toxi-
city, vapor pressure, etc.) of the compound tested. In the following
paragraphs, procedures employed with two compounds (NgF, at low tempera-
tures and CoHg ONO; at elevated temperatures) are described; other mater-~
ials may require changes in design and in operational procedures.

Before attempting to determine the detonability of high energy
materials it is important that persons who lack experience with explot
sives be thoroughly educated in the safe handling of explosives. Ref- -
erence 1 lists many of the standard references for explosive handling.
It is imperative that heated or cryogenic pressurized systems be con-
sidered as less predictable than systems at ambient conditions until
detonation.parameters are firmly established. Remote handling should
be the rule because, even though the test liquid may not be extremely
sensitive, sensitization of the booster and explosive train may occur.
High energy oxidizers may also ignite the exp1051ve train and cause
premature detonations. .

II. TEST EQUIPMENT
A.  Cup

The liquid under test is held in a cylindrical metal cup closed at
one end with a metal diaphragm soldered in place; the other end (the
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top) is closed with caps which contain instrument probes. The cup is
fabricated as follows: Each end of a section of 1" Schedule 40 extruded
steel pipe (or other metal compatible with the test liquid) is faced on
a lathe to an overall length of 6.0".

For the modified D'Autriche method, the cup is prepared as shown
in Fig. 3. A 2.0-mil-thick stainless steel diaphragm 2" in diameter
is centered and silver-soldered on the bottom of the cup. If the cup
is to contain a cryogenic, toxic material or a substance which is not
compatible with the atmosphere, the top must be sealed and special
transfer lines must be installed.

For materials that are transferred in vacuum lines, the cups are
threaded with 1 standard taper pipe threads. Two holes are drilled
3/8" below the last thread to accommodate 1/4" o.d. tubing. Two 1'
pieces of 1/4” o.d. tubing are soldered in the holes so that the soldered
ends are flush with the inner wall of the cup.

B. "Caps

The caps, prepared from 1" pipe caps, support the necessary instru-
ment probes for temperature measurement, liquid level sensors* and the
continuous wire'probes. The simplest test, using the modified D'Autriche
method with a liquid such as ethyl nitrate which can be poured into the
cup, requires only a pipe cap and no probes. For materials to be tested
at nonambient conditions and to be transferred in a vacuum line (cryogenic
materials and toxic materials) or for tests utilizing the continuous
wire, instrument probes are installed in the cap.

For installing thermowells, a 1/8" hole is drilled into the cap
and a length of 1/8” tubing extended through the cap. This tubing is
cut and positioned to extend no farther into the cup than 2" above the
bottom diaphragm when assembled and soldered to the cap. The bottom of
the thermowell is closed and sealed with solder. The end outside the
cup is left open for inserting thermocouples; a series of couples at
different levels may serve as liquid level sensors. For caps that re-
quire resistance wire leads or thermistor leads, holes are drilled in
the cap to accommodate insulated metal-to-ceramic electrical leadthroughs.
These seals are soldered in place, preferably with a lower melting
solder than that used for the thermowell. Two such seals, or a double
seal, can accommodate a thermistor

For the resistance wire and supporting bow, two holes are drilled
in the cap. One, in the center of the cap, is drilled to contain an
insulated electrical leadthrough. Approximately 1/4" from the center
of the cap, another hole is drilled to hold the resistance wire support.
This support is fabricated from a 1/16" rod long enough to extend through
the cap’ into an assembled cup to a distance of less than 1" from the )
diaphragm. ‘Both the rod and the electrical leadthrough are soldered in
place. At a distance of 1/2" from the end, the rod is bent 90° toward
the center of the cap. From the end of this rod to the electrical lead

-
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on the cap, a length of 1-mil resistance wire is strung and the wire is
anchored well at both positions to give good electrical contact. An
assembled cup showing modifications for both the D'Autriche method and
the continuous wire method is shown in Fig. 3. It is not necessary
that all parts shown be used in every test.

C. Temperature Control of Cup

Under nonambient conditions it is advisable to use liquid baths
around the test cups to control temperature along the entire cup. A
convenient way to attach a leakproof metal container around the cup
is to cut a 1-1/2" hole in the bottom of a high 6" diameter metal can
and to solder the overlapping diaphragm of the detonator cup into the
hole as shown in Fig. 3. Commercial 3-1b coffee cans have been satis-
factory.

Above ambient temperatures, the bath is heated with heating tapes
or inexpensive immersion heaters. For cryogenic materials, the cup
is filled with the appropriate coolant--dry ice, liquid nitrogen, liquid
argon, liquid oxygen, etc. Insulating materials may be used around
the bath.

D. . Bath Materials

It is extremely important to give careful consideration to the
bath materials because they must be inert to all materials used in the
shot. Oil baths are likely to contribute to fire hazard; spilled
solvents or vapors may react with or sensitize the explosive train
materials, and mixtures of solvents may be detonable.

E. Detonator and Booster

An explosive wire detonator is followed by 18" of Primachord. The
Primacord in turn is followed by a small RDX pellet and the boosterd
The booster charges used for the temperature range from -196 to 100 C
consist of two 1" x 1-5/8"' diameter tetryl pellets, density about 1.56.
For the higher temperature (100° to 150°C), higher melting HMX pellets may
be substituted (m.p. 270° to 280°C).

F. Detection Equipment

1. Resistance Wire Method

The procedure for determining detonation velocity is fully des-
cribed in Reference 3.

2. D'Autriche Probe Assembly

For each shot a test cup is prepared as shown in Fig. 3 and alumihum
witness plates are prepared as shown in Fig. 4a. Using a razor blade,
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five pieces of MDF, each 20.00" long, are cut on a piece of wood or

Micarta. Five 1/2"-wide strips of sheet explosive are also cut, one

about 4" long and the others 8.00". Using precise scales and squares,

the short strip is cemented parallel to the short edge of the plate

with one end over the single hole. The long strips are cemented

parallel to each other, one end over each of the remaining four holes

and the other end over and in contact with the short strip (see Figs.

4b and 5). ) ?

The test cup and booster are assembled as shown in Figs. 1 and 5
and the witness plate is secured nearby. One end of each of the 20"
lengths of MDF is inserted through a hole in the plate until it contacts
the explosive sheet (Fig. 4b). The other ends are put in place on the
charge (no auxiliary booster is used) as shown in Figs. 1 and 5,
four or more along the cup wall and one to the initiator. -All ends
are cemented securely in place.

G. Support Stand for Detonator, Charge, and Cup

A suitable frame is constructed to support the assembled charge.
The detonator, booster, and cup are aligned and held in place with ad-
hesive tape. The assembled shot and cup are later placed on the support
stand and tied into place with adhesive tape. At elevated temperatures
a noncombustible tape should be used.

H. Vacuum Transfer Equipment

For remote handling of volatile, toxic, or cryogenic materials . ¢
which cannot be conveniently transfered in a simpler manner, a vacuum
system is constructed (see Fig. 6). This system, which is suitable it

for fluorine oxidizers, was used for testing the detonability of NoFy . s
A fluorine tank is used for passivation of the system before testing ‘
high energy fluorine oxidizers. The system is designed to permit isola- -~

tion of the supply tank from the detonator test cup to prevent possible

detonation through the lines to the main supply tank. The lines are &

flushed with an inert gas after the transfer is completed. The system
also contains a measuring bottle of sufficient volume, when filled with
test material at a predetermined pressure, to exactly fill the cup with '
condensed liquid.

To prepare the system, the valves and other parts (components are &
described below) are completely disassembled and each is cleaned. De-

fective gaskets and parts are replaced. If the valves are to be soldered

or welded to the transfer lines, the gaskets are left out of the valves /
until this operation is complete. To remove borax-type fluxes it may

be necessary to steam-clean the soldered joints. Valves 1 through 6

(Fig. 6) and the solenoid operators are assembled and mounted on a small
portable metal panel; enough tubing (1 to 2 feet) is attached to valves (
that lead to other components, tanks, pumps, and gauges so that connecting ~
" lines can later be installed on these ends without interrupting the
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valve-panel system. This section should be leak tested before final
assembly at the test site. ’

)

- 1. Vacuum Equipment Components

Valves 7 and 10y(Fig. 6) are Chlorine Institute valves available
from Superior Valve Company, Pittsburgh, Pennsylvania (Fluorine Cylinder
Valve Cat. No. 1214F). Valves 8 and 9 are conventional as supplied by
the vendor. All other valves are Hoke Cat. No. 30206-6, with No. 80065-1
solenoid operators. These ball valves operate smoothly and thus may be
léss likely to initiate an explosion than would a solenoid-operated
needle valve ‘which operates more abruptly. The vacuum pump is a con-
ventional, low-capacity, laboratory model filled with fluorocarbon oil
but powered with a 1 h.p. motor for easy starting. All transfer lines
are copper tubing, silver soldered to valves and fittings. The test
cup assembly is 1" Schedule 40 pipe, surrounded by a can cooled with dry
ice. -

2:  Operating Proceaure

For remote transfer of a test sample from the supply tank, the
following procedure is used: With valves 1, 7, 8, and 9 closed and
all others opened, evacuate system. -Close all valves. Open valve 10.
Open valve 7. Open valve 2. Fill measuring bottle to desired pressure
as indicated on gauge. Close valve 2. Close valve 7. Open, in order,
valves 1, 3, and 7; this flushes this section with helium and serves
to isolate the supply tank from the measuring bottle. Open valve 4.
Essentially all of the NyF, or other test material in ‘the measuring
bottle should condense in the test cup. .Completeness of condensation is
judged with the thermistor and thermocouple liquid level detector or
by an appropriate pressure drdp in the system. In this operation the
test cup acts as a trap. Should any noncondensables interfere, they may
be removed through the pump by briefly opening and pumping through valve
5. The preset needle valve prevents surging or splashing of liquid.
Close valve 4 and the cup is ready for the test.

I. - Auxiliary Breathing Air Supply

To test toxic materials and protect.operating personnel from dangerous
fumes, protection-equipment and an auxiliary air supply should be
available. Portable self-contained air or oxygen breathing equipment is
suggested. C :

I11. FINAL ASSEMBLY

The prepared cups and caps containing the desired instrument probes,

. transfer lines, vacuum components, gauges, and instruments are assembled

and checked at the test site. The test cup and shot assembly are posi-
tioned in the firing chamber to minimize damage to the lead lines and
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auxiliary equipment. For convenience in repeating shots, the cups are
attached to the transfer lines with quick-disconnect fittings.

It is advisable to schedule a preliminary test with an inert mate-
rial of very nearly the same physical properties as the test
material, to check the reliability of the equipment and gain experience
in operating. the system. Also, materials of known detonation character-
istics should be tested for comparison.

When the assembled equipment has been checked, the test material
supply tank is attached to the vacuum line and the transfer lines are
evacuated up to the supply tank valve. Since most of the transfer lines
are extremely small, several minutes may be required to pump the transfer
system down to a desirable pressure (10 to 50 microns). This time can
be employed to assemble the detonation train and D'Autriche witness plates
(if used).

The first explosive attached to the equipment is the D'Autriche
witness plate and assembly, if used. The MDF probes leading from the
cup must be carefully positioned and firmly held to obtain maximum
separation, thus preventing '"'shorting” of the shock train between probes.
With the witness plate and probe assembly firmly secured to the test
stand, the booster, detonator, and Primacord are assembled and the
booster is placed flat against the diaphragm on the cup. The entire
assembly is held together on the stand with adhesive tape. If the
shot is to be heated, noncombustible tapes should be used. The electrical
leads to the instrument panels are installed and checked.

If it is possible to pour the test liquid into the detomation cup
(i.e., if the material is nontoxic and the shot is to be done above
ambient conditions), no vacuum transfer equipment is used. This is the
procedure with ethyl nitrate tested above ambient conditions. 1In this
case one of the two side-arm tubes on the cups is closed with a quick-
disconnect plug after the cup is filled. The liquid should not be
. allowed to wet the plug and quick-disconnect fittings when they are
being closed, since this may cause premature detonation. The second
tube arm of the cup serves as a lead to determine pressure in the system.

With the shot assembled and the transfer system evacuated, the re-
mote control valves are closed. Next, the coolant or bath liquid is
placed around the cup. This should be done remotely, if possible. The
valve on the sample tank is opened to allow the gas to flow to the re-
mote control valves only. The remainder of the transfer operation is
completed as outlined previously. When this is complete, as judged by
one or all of the methods used to determine the liquid level in the cup,
the supply tank is isolated from the shot by inert gas in the transfer
lines and the shot is fired.

SN
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IV; DETERMINATION OF THE DETONATION VELOCITY

A. D'Autriche Method

A failing (i.e., nonpropagating) detonation wave is detected by a
decelerating wave velocity rather than by failure of the MDF. The strong
shock from the tetryl booster usually initiates the MDF when the cup
contains a nondetonating liquid. Positive results are reported when a
constant velocity wave front is established. The method does not readily
detect transient changes in detonation phenomena but has the advantage
that a record is obtained on the plate even when nondetonating material
is tested in the cups.

Appendix A outlines the procedure for determining detonation velocity
from data obtained with plates. Reliability in calculating detonation
velocity is believed to be approximately +10%

B. Continuous Wire Method

This method, developed for solid cast explosives, is adequately
described in the literature.® The cup and booster charge described re-
place the solid explosive. This method has the advantage of producing
a continuous record of shock disturbances in the test liquid but does
not produce a record when the material does not detonate.

V. TEST RESULTS

The procedure presented in this paper should yield results both
reliably and safely. Each component and step has been evaluated by the
authors in frequent tests with N3F;, O3F3, or CoHsONO3. The procedure
was then used to determine the detonability of these three compounds as
liquids. The results for OzFz, published elsewhere,s established the
nondetonability of this liquid ghich is stable only below ~ 100°K. NaF,y -~
b.p. 200°K, was tested from 195 K to 213°K (~ 10° torr). Several tests
were run with the continuous wire method; all gave typical negative
results. The one test run with the explosive witness showed the shock
velocity decaying from an initial value of ~ 2.8 mm/ksec to a final value
of ~ 1.5 mm/bsec. Again, this is characteristic of a nonpropagating
shock. To evaluate the test at the other envirommental extremes a hot
liquid, ethyl nitrate (CgHgONOz), was used at high pressure. Although
some difficulty was encountered hecause of the tendency of the liquid
to detonate spontaneously above its boiling point, four successful con-:
tinuous wire tests were conducted from 97° to 114°C and up to 175 psig.
Each indicated, -again with typical records, that the liquid is detonable.

Although these were the only shots conducted with the exact procedure
defined by this paper, many were run under conditions only slightly
‘different; generally these affected safety and simplicity rather than
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reliability. Details of most of these are available to the reader of
the project reports (q.v.).® Important conclusions are that the tests,
as described, reliably detect detonation and, equally reliably, non-
detonation. Low velocity detonations are probably included in the
latter. The‘results have been proven to be independent of either
temperature or pressure. For example, incidental tests demonstrated
that MDF detonates with a velocity invariant with temperature.

In summary, the authors pre$ent the procedure described in this
report with confidence that, if used as described, it will serve as
a useful. worthy supplement to the Liquid Propellant Test Method No. 1.
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Appendix A

ADAPTATION OF THE JANAF BOOSTER TEST: DATA REDUCTION

The equation for reducing the data from the witness plates is
derived as follows. Assume the following:

There is a small, finite, but reproducible time for a
detonation to propagate across explosive interfaces.
This is frequently referred to as an 'induction time."
The time required for two detonations originating at a
common point and meeting at a point x is the same for
two corresponding paths.

The detonation velocity of explosives is a reproducible
function of environment..

The nomenclature used in the equation is as follows:

ds'

dw’

dw

w,m

lengths of MDF; the subscript.denotes the particular branch

length of MDF from tetryl booster than initiates the
explosive on witness plate

detonation velocity of any P with corresponding subscript
wave velocity within sample
detonation velocity of standard explosive used

distance between opposing points of initiation for each
sheet explosive finger

> point at which detonations meet; measured from MDF

distances between MDF on sample cup

distances between corresponding strips of explosive on
witness plate

distance from tetryl pellet for first MDF
distance from the start to strip 1 on witness plate

small, unknown, but reproducible delay or induction times
in transition from cup to MDF and MDF to EL-506-D
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The time required for the detonation to travel from the tetryl
through the sample cup, the first "finger” of MDF and to point x; in
the sheet explosive is:

t1=d_s+|.a+_pL+'n+5L (A-1)
VS vy Vw

The time required for the detonation to travel from.the tetryl through -

the "start” branch of the MDF and to x; through the sheet explosive
from the opposite direction is:

tl'_i+n+d_w+ul (A-2)

Yo Vw Vw
Equating (A-1) and (A-2) and rearranging terms:

ds %g_ Py . dw L - 2x _ w (A-3)

s V]_ VW - VW

Similarly, by equating the times of travel from the tetryl to point
x2 in the second finger of sheet explosive:

ds + ds' _

P dw + dw' L - 2x
v %’-\71)'. oty e (A-4)
s 2 w w

Subtracting (A-3) from (A-4) and noting that Py = P2 and Vi = Va3

ds’'

Taw + 2(x, - %xg) (A-5)

<|<
£ {w .

V_ , ds', and dw' are conditions of the experiment; x; and xz are
measured; therefore Vs can be calculated.

~—
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